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Chapter 1: INTRODUCTION  
 
1.1 RATIONALE OF RESEARCH:  
DAMAGE TOLERANT COMPOSITES USING Z-PINS 
One of the main problems with using carbon fibre reinforced polymer (CFRP) laminates and 
other types of brittle matrix composites in primary aircraft structures is their susceptibility to 
delamination cracking under transverse impact loading. The low impact damage resistance is 
due to the layered ply structure that consists of load-bearing fibers being aligned along the 
plane of the laminate (x,y-directions) but without fibers in the through-thickness (or z) 
direction to support impact-induced stresses in the z-direction. Even low energy impacts can 
lead to internal damage in the form of matrix cracks and delaminations, which can degrade the 
mechanical properties and in particular the matrix-dominated properties such as compression 
and interlaminar shear strengths. The impact damage may not be visible from surface 
examination because of the absence of permanent deformation of the surface, and therefore the 
damage is insidious because it degrades the mechanical performance of the composite but it 
cannot be seen. Figure 1.1 shows an example of barely visible impact damage suffered by an 
aircraft composite structure.  Since damage can never be entirely avoided, composite structures 
must be designed to function safely and effectively despite the presence of flaws such as 
delamination cracks. This concept is called damage tolerance. 
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Figure 1.1 : Example of impact damage to the fuselage skin made of carbon fibre/epoxy laminate. The 
photographs on the left and right hand sides show surface and internal (delamination) damage, 
respectively. Figure by the Boeing Company. 
 
The effect of impact on composite materials has been the subject of much research over the last 
three decades.  Studies on the impact response of composite materials used in aircraft 
structures have shown that they are susceptible to reductions in strength, stiffness and fatigue 
performance caused by delamination cracking [1]-[4]. Impact damage can occur on the ground 
due to dropped tools during maintenance or accidental collisions with vehicles and in flight 
from bird strike and large hail stones. Even a bird the size of a sparrow can cause significant 
damage to aircraft travelling at high airspeed [5]. Another worrying factor is that critical flaws 
and cracks in composite structures may go undetected. All of these issues lead to reduced 
confidence in aircraft Designers who then build structures with thicker composites to ensure 
sufficient residual strength, stiffness and fatigue performance after suffering low energy impact 
damage. Higher structural weight adds to the expense in terms of greater fuel consumption and 
higher material costs as well as higher greenhouse gas emissions and other atmospheric 
pollutants due to the higher fuel burn rate. The suitability of a composite for aerostructures is 
therefore determined not only by static strength considerations but also by impact damage 
tolerance. Hence the study of impact on composites has practical significance related to 
damage tolerant design. 
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Z-pinning is an innovative through-thickness reinforcement technique designed to improve 
delamination toughness and damage tolerance of composite structures. It involves inserting 
thin pins (as shown in Figure 1.2) into composite laminates in the through-thickness direction 
using a manual or automated pinning process [5][10] The pin material is metal alloy or fibrous 
carbon composite having high stiffness and strength properties. These pin properties are 
necessary to achieve large improvements in the damage tolerance of composite materials. The 
magnitude of the improvement is similar or greater than using other forms of through-thickness 
reinforcement, such as stitching, orthogonal weaving or tufting [11].  
 
Figure 1.2 : Photograph showing the size and length of a typical z-pin 
 
 
 
Despite the benefits, z-pinning is currently not used to reinforce the primary structures of 
aircraft. Z-pinning is only used to reinforce the air inlet ducts of the F-18 E/F Superhornet and 
the cargo bay doors of the C-17 heavy-lift transporter [2],[9] (Figure 1.3 and 1.4). Z-pinning is 
not used to reinforce other composite structures because of concerns about the negative impact 
on cost, manufacturing, long-term durability, and other technology issues.  
 
 
 
  
z-pin 
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Figure 1.3 :Application of z-pin technology to 
composite structural components on the FA-18 E/F 
Superhornet (air inlet ducts) 
 
  
 
 
 
Figure 1.4 :Application of z-pin technology to 
composite structural components on the C17 
Globemaster III (cargo bay doors) 
 
  
Z-pinning has proven an effective technique for improving the impact damage resistance of 
carbon/epoxy composites [2],[10][12][17]. This is due to the generation of crack bridging 
traction loads by the z-pins which promote interlaminar toughening and resist large-scale 
delamination growth [12][15][18][25], although there is evidence that pins do not increase the 
initiation energy at which damage starts to form [12]. Due to the higher damage resistance, the 
post-impact strength properties of z-pinned laminates are often superior to the unpinned 
material [4][12]-[14][26]. Z-pins provide much larger improvements in interlaminar toughness 
than that achieved using most (if not all) toughened resin systems, including polymers 
containing nanoparticles such as graphene and carbon nanotubes [15].  
 
Although z-pins confer improved interlaminar properties, the effect of z-pins on the in-plane 
mechanical properties can be detrimental [4],[10][17][27][31]. Chang et al. [27][29] report that 
z-pins lower the tensile and flexural strengths and shorten the fatigue life of carbon/epoxy 
laminates. The reduction to these properties increases with the volume content and diameter of 
the z-pins. Although the influence of z-pinning on the mechanical properties have been studied 
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in detail, less is known about the damage tolerant properties of z-pinned laminate panels, joints 
and other structural components. The importance of damage tolerance for aircraft materials and 
structures is explained in the next section. 
 
1.2 INTRODUCTION TO DAMAGE TOLERANCE FOR AIRCRAFT 
COMPOSITE STRUCTURES 
In 1978 the Federal Aviation Administration (FAA), which regulates all civil aircraft operated 
in the United States, published Advisory Circular AC20-107 on the certification of composite 
structures. This circular is important because it states that the design, testing and evaluation of 
primary load-bearing composite structures must be based on achieving a level of safety at least 
as high as that required for equivalent metal structures. Damage tolerance is one of the key 
criteria addressed in the circular, which states that the aircraft structure must contain the 
growth of damage for a specified period of service while maintaining a minimum level of 
residual static strength, both during and at the end of this period. The residual strength and 
damage growth requirements are coupled through the maximum allowable damage size or 
critical flaw size. The safe growth period is then coupled to either the design life requirement 
for the aircraft, which is normally 20 years for commercial airliners, or to scheduled in-service 
inspection intervals [1]. The safe growth period is the duration that acceptable damage must be 
sustained by an aircraft structure without repair.  
 
All aircraft structures must be certified in accordance with FAA Part 23, 25, 27 or 29 Type 
Certification. These regulations specify that any structural damage, whether from fatigue, 
environment, or an accidental source (e.g. impact, lightning strike), must be detected and 
repaired before the design limit load drops below a minimum level. Damage tolerance 
assessments involve the application of known damage threats to the aircraft structure during its 
6 
 
typical service usage and demonstration that this damage will not compromise the safe 
operation of the aircraft prior to detection. Damage tolerance is built upon fail-safe analysis by 
including determination of damage growth characteristics and by establishing damage 
detection methods and inspection plans.  
 
Damage tolerance for primary composite aerostructures is defined as the capacity to sustain 
environmental degradation, barely visible impact damage, and other types of damage with the 
retention of appropriate residual strength [1][13][26]. The damage tolerant criterion assumes 
that pre-existing delamination cracks in the composite structure do not reduce the failure load 
below the design limit load before the damage is detected during routine inspection. The 
maximum amount of damage that a structural composite component can sustain without a loss 
in limit load capacity represents the limit of damage tolerance [1].  
 
Damage tolerance replaces the requirements for fail safe structures, in which a structural 
element can fail and the aircraft still fly safely. Damage tolerance assures that an aircraft can 
continue routine flight operations with undetected damage, and that the damage will be 
detected (usually within two interval periods between routine inspections) before it becomes 
unsafe to fly. Damage tolerant composite structures are designed so that manufacturing defects 
or barely visible impact damage (BVID) will not grow above the allowable size during the 
service life of the aircraft. The conventional approach in damage tolerance design is to increase 
the load-bearing section thickness of the composite structure. The problem with this design 
solution is that it increases the cost and weight of the structure, with the higher weight 
increasing the fuel burn rate resulting in greater emissions of greenhouse gases and other 
atmospheric pollutants.  
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There are a large number of new materials and processing concepts being developed to 
improve the impact resistance and damage tolerance of aircraft composite structures, including 
toughened resin matrix system, 3D woven fabrics, stitching and z-pinning 
[11],[13][21][25][32]-[36] Although all these concepts can impart improvements, they also 
have disadvantages including higher cost and lower undamaged performance, which is also 
well related to damage tolerance. It is within this regulatory framework that z-pinning must be 
certified for use in primary aircraft composite structures.  
 
1.3 AIMS AND SCOPE OF PhD RESEARCH PROGRAM 
The aim of this PhD research program is to determine the damage tolerant properties of aircraft 
carbon/epoxy laminates and bonded joints reinforced with z-pins.  The study focused on the 
effect of z-pinning on the properties of carbon/epoxy laminates, rather than other types of 
laminated composites (e.g. glass or aramid fibre reinforced materials), because of their 
extensive use in aircraft composite structures. The PhD research program undertakes an 
extensive review of the scientific literature to critically evaluate the current state-of-the-art in 
z-pinning technology as well as to identify gaps in the current knowledge regarding the 
damage tolerant properties of z-pinned laminates. A key aim of the PhD research program is to 
examine the barely visible impact damage resistance (BVID) and post-impact (damage 
tolerant) properties of z-pinned carbon/epoxy laminates. The influences of key parameters such 
as the impact energy, laminate ply stacking pattern and volume fraction of z-pins on the impact 
damage resistance, post-impact compression stiffness, strength and fatigue properties, and 
interlaminar toughening mechanics of carbon/epoxy laminate panels are studied. The effect of 
z-pinning on the impact damage tolerance of z-pinned laminates under tensile and compressive 
loading is also determined.  
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Another important aim of the PhD research program is to determine the damage tolerance of z-
pinned carbon/epoxy bonded joints. The structural properties, impact damage resistance, 
damage tolerance and toughening mechanisms of T-shaped joints and single lap joints 
reinforced with z-pins are studied. The efficacy of z-pins in resisting the delamination cracking 
along the bond-line of aircraft composite joints, which results in improved damage tolerance, is 
experimentally determined.  
 
Finally, a holistic assessment of the implication of z-pin reinforcement on the design of 
damage-tolerant aircraft composite structures is examined. The benefits gained by z-pinning, 
such as improved delamination resistance, impact toughness and damage tolerant properties, 
come at the expense of lower in-plane structural properties including reduced stiffness, 
strength and fatigue performance. The PhD research program critically evaluates the 
compromises that must be applied when using z-pinning technology in damage tolerant aircraft 
composite structures.  
 
It is envisaged that the discoveries and data arising from the PhD research program may be 
used to support the design of z-pinned aircraft composite panels and joints with improved 
damage tolerant properties. This offers the potential of reducing the design conservatism 
applied to primary structures, resulting in the benefits of lower weight, fuel consumption and 
pollution. 
 
1.4 PhD THESIS OUTLINE 
Chapter 2 of this thesis presents a literature review that describes the state-of-the-art for the z-
pinning of composites. The key microstructural features of z-pinned laminates are discussed. 
Extensive review of the published works has been conducted on the damage tolerant and 
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mechanical properties of z-pinned composites (including joints), and gaps in the current 
understanding of these materials are identified. 
 
An experimental investigation of the barely visible impact damage tolerance of z-pinned 
carbon/epoxy laminates is described in chapter 3. The impact damage resistance, post-impact 
compressive stiffness, strength and fatigue properties, and interlaminar toughening 
mechanisms for z-pinned quasi-isotropic and cross-ply laminates are determined. The damage 
tolerant properties of z-pinned laminates containing single or multiple delaminations 
representative of interlaminar cracks caused by poor manufacturing or through-thickness 
loading are also examined in this chapter. 
 
Chapter 4 presents an investigation into the impact damage properties of z-pinned 
carbon/epoxy laminate while under an externally applied axial stress. The effect of pre-loading 
in tension and compression on the barely visible impact damage resistance and impact energy 
absorption of unpinned and z-pinned composites is examined. 
 
A study into the effect of z-pin content on the impact damage tolerant properties and damage 
mechanism of carbon/epoxy bonded joints is presented in chapter 5. The efficacy of z-pins to 
retain the structural properties of T- and single-lap joints containing a single bond-line crack or 
multiple (impact) cracks is described.  
 
Chapter 6 explores an apparent dilemma for aircraft designers when considering the use of z-
pinned composites. This chapter assesses the use of z-pins to improve the delamination 
toughness, impact resistance and damage tolerance against reductions to the in-plane tension, 
compression, bending, interlaminar shear and fatigue properties.  
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The final chapter of the thesis presents a summary of the major findings and conclusions of the 
PhD research program work. The chapter also proposes several topics related to the damage 
tolerance of z-pinned composite structures that require further investigation. 
 
Several publications have resulted from this PhD research program, which are: 
 
Isa, M.D., Feih, S. and Mouritz, A.P., ‘Compression fatigue properties of quasi-isotropic z-
pinned carbon/epoxy laminate with barely visible impact damage’ Composite Structures, Vol. 
93, (2011), pp. 2222-2230. 
 
Mouritz, A.P., Chang, P. and Isa, M.D., ‘Z-pin composites: Aerospace structural design 
considerations’, Journal of Aerospace Engineering, Vol. 24, (2011), pp. 425-432. 
 
Koh, T.M., Isa, M.D., Chang, P. and Mouritz, A.P., ‘Improving the structural properties and 
damage tolerance of composite joints using z-pins’, Journal of Composite Materials, Vol. 46, 
(2012), pp. 3255-3265. 
 
Koh, T.M., Isa, M.D., Feih, S., and Mouritz, A.P., ‘Experimental assessment of the damage 
tolerance of z-pinned T-stiffened composite panels’, Composites B, Vol. 44, (2013), pp. 620-
627. 
 
Isa, M.D, ‘Damage tolerance of z-pinned aerospace composite structures’, 6th  National 
Seminar on Material and Structural Integrity, Kuala Lumpur Malaysia, November, (2011) – 
Invited Speaker, Paper No. 4. 
 
Isa, M.D., Feih, S., and Mouritz,A.P., ‘Fatigue properties of impact damaged composites 
reinforced with z-pins’, Proceeding of 14th Australian International Aerospace Congress 
(AIAC14/APISAT), (2011), Paper No. 148, Concurrent Session 3H. 
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Chapter 2: LITERATURE REVIEW 
 
2.1 Z-PIN REINFORCEMENT 
2.1.1 Early Developments in Z-Pinning Technology 
The first reported use of thin pins for the through-thickness reinforcement of fibre-polymer 
laminates was by Huang et al. in 1978 [37]. In the study, short rods of steel wire were 
manually inserted at angles of +45
0
 or -45
0
 to the orthogonal direction to reinforce a 
carbon/epoxy laminate in the out-of-plane direction, as illustrated in Figure 2.1. This method of 
z-pinning increased the short beam shear strength by 73%, although the insertion method was 
rudimentary and basically involved the manual pushing of each pin into the laminate, which 
was slow, laborious and imprecise.  
 
It was not until the late 1980s that significant advances occurred in manufacturing technology 
for z-pinning. One of the most important developments was patented by Boyce et al. [38] in 
1998, and it involved placing z-pins inside a foam preform carrier which greatly eased the 
handling and insertion of the pins. An autoclave was used to compress the foam and thereby 
drive the z-pins into the laminate just before cure. This process is illustrated in Figure 2.2, 
although there is only one published report [39] on the application of this z-pin insertion 
technique and its effectiveness was not disclosed. 
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Figure 2.1 : Original through-thickness z-pin reinforcement concept by Huang et al. [20] 
 
 
The process of inserting z-pins into uncured laminates using ultrasonic vibrations was 
developed by Foster-Miller Inc. In the mid-1990s, Aztec Inc. (which was the parent company 
to Foster-Miller) developed a series of breakthroughs in z-pinning technology including the 
insertion of pins using a semi-automated ultrasonic process [40]. This process basically 
involves forcing z-pins from a foam carrier into the prepreg laminate via a combination of 
pressure and ultrasonic vibrations. 
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Figure 2.2 : Autoclave assisted z-pinning process. Reproduced from Childress et al. [66] 
 
 
The reinforcement rods are known commercially as ‘Z-FibersTM’ or more generally as ‘z-pins’. 
The name signifies that the pins are parallel to the ‘z-axis’ (through-thickness direction) of the 
composite material. The z-pin material consists of extruded metal alloy (eg. titanium) or 
pultruded fibrous carbon composite with high stiffness and strength properties. The z-pins are 
supplied in carrier preforms consisting of non-structural foam; with examples shown in Figure 
2.3.  
 
Figure 2.3 : Foam z-pin preforms containing 0.28 mm diameter pins at areal densities of 0.5, 2 and 4% 
(from left to right). 
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2.1.2 Z-pin Insertion Methods 
There are two methods for inserting z-pins into prepreg-based laminates: ultrasonic insertion 
and co-cure insertion. The ultrasonically assisted Z-Fibre (UAZ) process was developed by 
Aztex Inc., and is the most widely used z-pinning method [37][40][42]. The method uses an 
ultrasonically actuated device which is operated at a frequency of about 20 kHz (as shown in 
Figure 2.4). The device is used to push z-pins from the foam carrier preform into the uncured 
prepreg material. The high frequency vibrations combined with moderate heat generated by the 
vibrations eases the insertion of z-pins. The residual foam and excess length of the z-pins 
protruding from the laminate surface are removed prior to curing. Ultrasonic insertion can be 
done manually or robotically using the processing steps illustrated in Figure 2.5. The manual 
process involves a skilled operator holding the ultrasonic horn whereas the automated process 
involves the horn being held within a gantry and controlled using a numerical operating system 
(Figure 2.6). The automated process reduces the likelihood of human error during the z-
pinning process and often results in higher quality laminates produced within a shorter time. 
 
 
Figure 2.4 : Hand-held ultrasonic horn device for z-pinning via the UAZ process 
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Figure 2.5 : Major stages (numbered 1 to 4) in the UAZ process for the insertion of z-pins into uncured 
laminate, Chang et al. [82] 
 
The other method for the insertion of z-pins is the co-cure process, which is shown 
schematically in Figure 2.7. This method uses the overpressure inside an autoclave to compress 
the foam carrier and thereby drive the z-pins into the underlying prepreg stack, which is soften 
at the high curing temperature. While simpler than the UAZ process, the co-cure method is not 
commonly used because of the difficulty in fully inserting the z-pins all the way through thick 
prepreg preforms. 
 
1 
2 
3 4 
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Figure 2.6 : Z-pinning gantry from Troulis et al. [37] 
 
  
Figure 2.7 : Schematic of the z-fiberTM insertion process using an autoclave. Freitas et al. , 1994 [111] 
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2.1.3 Types of z-pins 
Z-pinning can be customised by changing the material, diameter, spatial density, angle and 
pattern of the pins. The material and diameter are controlled during the z-pin fabrication 
process whereas the other parameters are determined by how the z-pins are arranged within the 
foam carrier. Composite z-pins (precured unidirectional carbon fibre/bismalemide rods) are the 
most widely used because of their high stiffness and strength and good compatibility with the 
host composite material (which is usually carbon fibre/epoxy) [13],29,[31][40][43]  The 
diameter of z-pins is typically in the range of 0.1 to 1 mm [40][43]. The aerial density (or 
volume content) is controlled by the diameter and spacing between z-pins, and density values 
in the range of 0.5% to 4% are the most commonly used [4][10][13][18][24][29][31][40][44]. 
The typical length of z-pins is about 12 mm, and the tip is chamfered in order to assist the 
insertion (Figure 2.8).  
 
 
Figure 2.8 : Photograph showing chamfered tip of z-pin 
 
1 mm 
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Pin angle is the orientation of the z-pins after they have been embedded into the composite. 
Usually the objective is to have z-pins embedded orthogonally within the composite to 
maximize the through-thickness stiffness and delamination toughness.   
 
The z-pinning process can have major influence on the mechanical properties and 
strengthening mechanics of composite materials. The following section summarises published 
research into the microstructure of z-pinned composites.   
 
2.2 MICROSTRUCTURE OF Z-PINNED COMPOSITE 
Z-pinning changes the microstructure of continuous fibre laminates which may then alter 
mechanical properties such as static strength, stiffness and fatigue performance 
[21][24][45][47]. The changes may have beneficial or adverse effects on the damage tolerance, 
and therefore understanding the microstructural changes is essential to understanding the 
property changes to laminates caused by z-pinning. The microstructure of z-pinned composites 
have the following features:  
- fibre waviness, crimp and breakage 
- resin-rich zones 
- residual cure stresses and microcracking 
- swelling and reduced fibre volume content 
- z-pin offset. 
 
What follows is a short description of each of these microstructural features and the effect they 
have on the mechanical properties and damage tolerance of z-pinned composite materials. 
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2.2.1 Fibre waviness, crimp and breakage 
The in-plane fibres of laminates are misaligned by z-pins during the insertion process, as 
shown in Figures 2.10 and 2.11. Fibre waviness is caused by the parting of nominally parallel 
and straight in-plane fibres by z-pins. The fibres in the uncured prepreg are very thin and more 
flexible compared to the z-pins, and therefore they are forced aside during the pinning process 
which causes in-plane fibre waviness as well as the formation of resin-rich zones at both sides 
of the pin [24][29][31]. In some cases, the fibres are not deflected symmetrically around the z-
pin due to irregularities in the z-pinning process and the woven architecture of the in-plane 
fibres [48]. The volume percent of a laminate that consists of wavy fibres increases rapidly 
with the volume fraction of z-pins. Fibre waviness can reduce the in-plane tension and 
compression properties of z-pinned laminates [29][31][49] , although it is expected to have 
negligible effect on the interlaminar properties (eg. delamination toughness, impact resistance).  
 
Figure 2.9 : Fibre misalignment from z-pins. Partridge et al. [47] 
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Figure 2.10 : Region of wavy fibres and resin-rich zones. Mouritz et al. [16]. 
 
 
       
 
Figure 2.11 : Schematic of fibre waviness around a z-pin 
 
 
Z-pinning also causes crimping of the in-plane fibres towards the orthogonal direction (z-axis), 
as shown in Figure 2.12. The force used to insert z-pins causes the in-plane fibres to bend, as 
illustrated in Figure 2.13. The crimped fibres are usually confined to a very small volume 
around each pin, although it is still a concern as this damage may reduce the compressive 
strength by promoting microbuckling and kinking of the load-bearing fibres. The force applied 
during z-pin insertion may also cause fibre breakage [4],[24][48] . Waviness, crimping and 
breakage of the in-plane fibres can decrease the failure strength of z-pinned laminates 
[29][31][50].   
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Figure 2.12 : Fibre crimp and z-pin offset [16].  
 
 
Figure 2.13 : Fibre crimp 
 
2.2.2 Resin-rich zones 
The void created by the displacement of in-plane fibres when z-pins are inserted is filled with 
resin when the prepreg composite is consolidated and cured [16],[29][31][48]-[49]. These so-
called ‘resin-rich zones’ have an eyelet shape that is elongated in the fibre direction.  The 
shape and dimensions of the resin zones are dependent on the volume content and diameter of 
the z-pins. When z-pins are widely spaced (i.e. low volume content) then the resin zones are 
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isolated from each other, as shown in Figure 2.9. However, when z-pins are spaced closely 
together then the resin-rich zones join together to form continuous resin channels along the 
axial rows of z-pins, as shown in Figure 2.14. Chang et al. [51] observed that continuous resin 
channels occurred when the z-pin content was above 2.0%, and discrete resin zones formed at 
lower z-pin contents.   
 
 
Figure 2.14 : Resin-rich channel along a row of z-pins in a unidirectional carbon/epoxy laminate. From 
Chang et al. [18][51] 
 
2.2.3 Interfacial disbonds around z-pins 
During the cure cycle of a z-pinned prepreg laminate, the mismatch between the thermal 
expansion coefficients of the z-pins and laminate may cause cracking or disbonding at or near 
the z-pin interface [52]. Fibrous z-pins have a lower axial thermal expansion coefficient and 
higher axial stiffness than the host laminate in the through-thickness direction. During elevated 
temperature cure, the z-pins experience a negligible change in length because of their very low 
expansion coefficient. In contrast, during cool-down, the host laminate experiences a larger 
contraction in the through-thickness direction due to the higher thermal expansion coefficient. 
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This induces an axial compressive stress in the z-pins and a tensile stress in the laminate. 
Sweeting and Thomson [53] showed using finite element analysis that the principle tensile 
stress in a quasi-isotropic carbon/epoxy laminate containing fibrous z-pins is higher than the 
failure stress of the polymer matrix. Consequently, partial or complete debonding of z-pins 
from the host laminate can occur as shown in Figure 2.15. This debonding may reduce the 
effectiveness of the pins in raising the interlaminar fracture toughness induced by debonding of 
the z-pins [54]-[56]. 
 
Figure 2.15 : Debonding of a z-pin due to a residual thermal stress in the host composite.  From Mouritz 
et al. [16] 
 
2.2.4 Swelling and reduced fibre volume content 
Swelling of the laminate can occur due to z-pinning which reduces the average fibre volume 
content [29][31][57][59] . The amount of swelling increases with the volume fraction of z-pins, 
with reductions in the fibre volume content of the laminate of up to several percent being 
experienced with typical pin contents. Chang et al. [60] suggest that swelling is caused by 
24 
 
volumetric expansion of the laminate to accommodate the z-pins and resistance against 
compaction of the prepreg stack during curing by the stiff z-pins propping the mould surfaces. 
2.2.5 Z-pin offset 
Z-pins are often inclined at an angle from the orthogonal direction following insertion, as 
shown in Figures 2.12 and 2.16. Chang et al. [60] report that z-pins are misaligned over a range 
of angles up to 20
0
, with the median offset angle () typically in the range of 5-150 when a 
manually operated ultrasonic horn is used to insert the pins. Laminates with inclined z-pins 
may not fully maximize the toughening potential of the z-pins under mode I interlaminar 
loading, although it may improve the mode II toughness due to snubbing effect. Furthermore, 
offset of z-pins from the orthogonal direction also lowers the improvement to the through-
thickness tensile modulus [49]. It has been suggested by Mouritz [43] that the use of an 
automated z-pinning system where the ultrasonic horn is numerically controlled in a gantry 
could minimize the problem of pin offset.  
 
Figure 2.16 : Z-pin angle showing (a) ideal orthogonal, (b) offset alignment 
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2.3 DELAMINATION PROPERTIES OF Z-PINNED COMPOSITES  
The delamination toughness of laminates is quantified using the critical strain energy release 
rate (Gc) or interlaminar fracture toughness (Kc). The interlaminar fracture toughness is a 
measure of the resistance of the laminate against delamination crack growth, and is a key 
property in defining the damage tolerance of z-pinned materials.  Delamination crack growth 
can occur under three modes of loading (as shown in Figure 2.17), with the mode I (crack 
opening) and mode II (crack sliding) being the most common whereas mode III is rarely 
encountered in aerospace composite structures. 
 
 
Figure 2.17 : Basic modes of loading 
 
Numerous studies have shown that z-pinning improves the mode I interlaminar fracture 
toughness of composites [8],[10][18][19][25][32][43][61][65] . For example, Freitas et al. [40] 
report that the mode I fracture toughness of a carbon/epoxy laminate reinforced with 0.28 mm 
diameter z-pins at 0.5%, 1.0% and 1.5% volume contents was increased respectively by 18, 36 
and 50 times compared to the control unpinned laminate. Cartié et al. [18] also measured a 
large improvement to mode I interlaminar fracture toughness of z-pinned laminate, and found 
that thick diameter z-pins (0.51 mm diameter) increased the GIc by a smaller amount compared 
to thin z-pins (0.28 mm diameter). The thin z-pin increased GIc by 15 times whereas the thick 
z-pin increased GIc by only 5 times compared to the unpinned laminate.  
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Partridge and Cartié et al. [18][47] discovered that the nature of delamination crack growth 
changed from a stable and steady process in the unpinned material to ‘stick-slip’ behaviour in 
the z-pinned laminate. The z-pins bridge the crack as they debond and gradually pull-out from 
the laminate with increasing crack opening displacement. Elastic deformation, debonding and 
frictional pull-out are the dominant mechanisms of strain energy absorption associated with z-
pins in laminate under mode I interlaminar loading. Figures 2.18 and 2.19 [62] show that the 
mode I delamination crack initiation values are not affected significantly by z-pins, but the 
fracture toughness increases rapidly with the pin content as the delamination grows in length. 
Z-pinning is not effective at resisting the initiation [62] and growth of short delamination 
cracks [4][14][64], but promotes toughening when the delamination length exceeds ~ 5-10 mm 
due to the formation of bridging traction loads along the crack. As a result, the delamination 
fracture toughness of z-pinned laminates is not constant, but rises with the crack length until a 
high, steady-state condition is reached. Partridge et al. [47] showed experimentally that 
delamination crack growth resistance (R) curves for z-pinned carbon/epoxy laminates increase 
rapidly over the initial 10-20 mm of crack extension, and then the toughness properties reaches 
a near steady-state condition over longer crack lengths, as shown in Figure 2.19. Finite element 
analysis of delamination crack growth in z-pinned composites also show that the mode I and II 
R-curves increase over the initial 10-20 mm before reaching the steady-state toughness 
condition [19],[20][22][25][63][65] . 
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Figure 2.18 : Effect of z-pinning on mode I R-curves from Cartié [39] 
 
The z-pin toughening mechanisms that resist delamination have been studied using 
interlaminar fracture, lap shear, single pin pull-out, single pin shear, and multiple pin pull-out 
tests [15][18][21][23][62]. It was discovered that the main toughening mechanisms under 
mode I loading are elastic deformation, debonding and frictional pull-out of the z-pins. During 
the pull-out of the z-pins, a bridging zone is formed along the delamination behind the crack 
front. In order to overcome the frictional resistance of the z-pins during pull-out, a large 
amount of strain energy is required. As a result, a traction force is generated in the bridging 
zone that increases the delamination toughness. Mouritz et al. [28] suggest that in reality, pure 
mode I toughening does not exist in most z-pinned laminates due to z-pins not being perfectly 
aligned in the orthogonal direction (Figures 2.12 and 2. 16(b)). This angle offset configuration 
induces some toughening by mode II processes.   
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Figure 2.19 : Modes I and II R-curves for a carbon/epoxy composite containing 2% z-pins. Data from 
Cartié [18] . Modes I and II toughness values were determined using the double cantilever beam and 
end notch flexure tests, respectively. 
 
The interlaminar toughening mechanisms under mode II loading that have been experimentally 
observed are elastic shear deformation, debonding, snubbing and shear-induced pull-out of the 
z-pins [18][21][54][55]. By inserting z-pins at an inclined angle, the friction generated between 
the z-pin and composite can be magnified due to the effect of snubbing that increases the 
resistance against shear-induced pull-out [54]. Snubbing is the lateral displacement of z-pins 
into the laminate near the fracture plane due to crack sliding displacement, and this increases 
the mode II delamination toughness. An example of the failure surface of a z-pinned composite 
subjected to mode II interlaminar loading is shown in Figure 2.20, and the pins have mostly 
failed by pull-out [31].  
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Figure 2.20 : SEM fracture surface of delamination in a high volume density pinned sample broken by 
mode II loading from Cartié and Partridge [6] 
 
 
Figure 2.21 shows the effect of the volume content of z-pins on the modes I and II 
delamination toughness values for carbon/epoxy laminates [10][62]. The delamination 
toughness values rise at a quasi-linear rate for both loading conditions over the range of z-pin 
contents that were studied. Mode I toughness is improved at a higher rate than mode II 
toughness due to z-pins being more effective at suppressing crack opening displacement (mode 
I) than sliding displacement (mode II). There are also studies [8][32] reporting that z-pinning is 
effective at slowing the delamination crack growth rate under mode I fatigue loading, which is 
an important property for damage tolerant aircraft structures. Currently, the delamination 
resistance and interlaminar toughening mechanisms of z-pinned materials under mode III 
interlaminar loading have not been determined, although they are expected to be similar to the 
mode II properties.   
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Figure 2.21 : Effect of volume content of z-pins on the modes I and II interlaminar fracture toughness 
values of carbon/epoxy composite [62]. 
 
Modelling the delamination properties of z-pinned laminates is difficult because of the 
numerous toughening and failure processes that occur over a wide range of length scales. 
Based on the in-situ observation of toughening mechanisms, several large-scale bridging 
fracture models have been developed to calculate the mode I [15][20][24][40][63], mode II 
[22][66][67] and mixed-mode [66]-[67] delamination toughness properties of z-pinned 
laminates. For example, Jain and Mai [55] have proposed models based on linear-elastic beam 
theory to calculate the interlaminar fracture toughness (GIc) of stitched laminates under modes 
I and II loading conditions, and these models may be applied to z-pinned materials. The 
discontinuous stitch model developed for mode I delamination toughness assumes the 
composite is a double cantilever beam in which deflection of the beam arms and the crack 
opening displacement is calculated using Euler-Bernoulli beam theory. Bridging laws are used 
to calculate the traction force of the z-pins when treated as elastic inflexible rods 
[15][38][40][63][68], elastic flexible rods [24] or discrete springs [65]. Nevertheless, the 
bridging models need empirical data on the traction loads of the pins, which must be 
determined by single or multiple pin pull-out tests for the specific combination of z-
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pin/composite type. Interlaminar fracture toughness is then calculated by applying linear elastic 
fracture mechanics theory coupled with the bridging traction laws for z-pins. Except for the 
work by Liu et al. [69] and Cox et al. [18], delamination fracture models have been developed 
for z-pinned laminates without being validated against experimental fracture toughness data. 
While numerous fracture models have been developed for mode I, there has only been one 
paper [55] on the modelling of the response of z-pinned laminates to mode II and mixed-mode 
loading. The model developed by Cox and Sridhar [34] derived analytical expressions that 
relate the bridging tractions and crack displacements in pure mode II and mixed-mode loading 
scenarios for z-pinned laminates.  
 
2.4 MECHANICAL PROPERTIES OF Z-PINNED COMPOSITES 
A large body of research has been published over the past ten years into the effect of z-pinning 
on the in-plane elastic, strength and fatigue properties of laminates, with special focus given to 
carbon/epoxy materials. The tension, compression and bending modulus are reduced by z-
pinning due to fibre waviness and reduced fibre content of the laminate. For example, Figure 
2.22 shows the gradual decline in the tensile and compression modulus of undirectional 
carbon/epoxy laminate with increasing volume content of z-pins. Also, the reduction to the 
elastic properties is dependent on the fibre lay-up pattern of the z-pinned laminate [29][50][70] 
. The loss in modulus becomes less severe when the percentage of load-bearing fibres in the 
laminate is reduced. For example, cross-ply and quasi-isotropic laminates, which are 
commonly used in aircraft structures, the loss in compressive stiffness due to z-pinning is 
about 12-13%, and this is less than the 17% experienced by a unidirectional laminate [50]. 
Other studies report that the reduction in modulus due to z-pinning is usually under 10% 
[27][29][49]. 
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The effect of z-pinning on the in-plane compression properties of laminates has been 
investigated experimentally and theoretically [4][24][48][50]. Steeves and Fleck [71] studied 
the effect of z-pins on the compression properties of unidirectional and cross-ply carbon/epoxy 
laminates. The study reports no change in compression strength compared to the control 
specimen for the case of z-pinned cross-ply specimens and a 33% reduction of compression 
strength against the control specimen for the case of z-pinned unidirectional specimens. 
Mouritz et al. [72] found that the compression strength and fatigue life are reduced gradually 
with increasing volume content and diameter of the z-pins as shown in Figure 2.22(b) and 
Figure 2.23 respectively. Reductions to the compressive strength and fatigue performance are 
attributed to fibre waviness and fibre crimp in the z-pinned laminates that causes failure by 
microbuckling and kinking of the load-bearing plies [4][48][50] . Mouritz et al. [72] also 
attributes the drop in compressive strength to laminate swelling that reduces the volume 
content of in-plane fibres. Steeves and Fleck [71] and O’Brien and Krueger [11] developed a 
finite element model to predict the compressive strength of z-pinned laminates. The model 
calculates the failure strength of z-pinned laminates by considering elliptical patches of fibre 
waviness at z-pins subjected to compression and shear loads. The model predicts lower 
compressive strength with increasing volume content and diameter of z-pins, and the model 
has been validated using experimental strength data [50].   
 
Several investigations into the tensile strength of z-pinned laminates have been reported. 
Stringer and Hiley [53] measured a 20% reduction to the tensile failure stress of a 
carbon/epoxy laminate reinforced with z-pins to a volume content of 2%. Chang et al. [73] 
found that the tensile strength decreased at a quasi-linear rate with increasing volume content 
and diameter of z-pins. The strength for a unidirectional laminate was reduced by up to 25% 
due to microstructural damage caused by the pins.  
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Figure 2.22 : Effect of volume content of z-pins on the elastic modulus and strength of z-pinned 
laminates under tension or compression loadings. Mouritz et al. [72] 
 
The reduction in tensile strength is due to breakage of fibres during the z-pinning process when 
the pins are forced into the laminate, which results in a small cluster of broken fibres at each 
pin location [4][29][48] . These clusters act as damage initiation sites for tensile failure. As the 
volume content and diameter of the z-pins increases, the number density and size of the broken 
fibre clusters also increases causing a corresponding reduction to the tensile strength. Dilution 
of the fibre volume content due to swelling is a contributing factor to the loss in tensile 
strength [29]. 
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Figure 2.23 : Effect of volume content of z-pins on the S-N curves of unidirectional laminates subjected 
to (a) cyclic tension-tension fatigue loading and (b) cyclic compression-compression fatigue loading. 
Mouritz et al. [72] 
 
Chang et al. [73] proposed a simple analytical model for calculating the tensile, compressive 
and flexural strengths of z-pinned laminates. The following empirical equation is proposed 
based on the strength properties decreasing at a linear rate with increasing z-pin content and 
diameter: 
p = o [1-Dcr]                    Equation 2-1 
whereo is the strength of the laminate without z-pins, is an empirical material constant, cr 
and D are the volume content and diameter of z-pins, respectively. As long as the linear 
relationship is retained, which is normally the case for most z-pinning conditions, the strength 
properties can be accurately determined for any size and volume content of pins.  
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2.5 DAMAGE TOLERANT PROPERTIES OF Z-PINNED 
COMPOSITES 
2.5.1 Impact damage resistance 
Impact damage is a long-standing problem with fiber-polymer laminates because of their weak 
through-thickness strength and low interlaminar fracture toughness, as discussed in chapter 1. 
Upon impact, the incident energy of the projectile is absorbed by the composite through a 
variety of deformation and damage processes [1][70]. The absorbed energy often causes the 
formation of matrix cracks within the plies and delamination cracks between the plies, as 
illustrated in Figure 2.24. The damage is created by through-thickness tensile and in-plane 
shear stresses which result in delaminations at many ply interfaces. Delaminations usually 
initiate by mode I stress and their growth is mainly driven by interlaminar shear stresses (mode 
II) [1][74]. Upon loading, there is local buckling within the damaged region and as the load 
increases, there may also be local bending of the delaminated plies, especially when the 
laminate is thin [1][74]. The deformation induces mixed-mode interlaminar stresses at the 
boundary of the damaged region. When these forces exceed the interlaminar failure stress then 
the delamination crack will grow, often unstably (i.e. rapidly) in brittle matrix laminates such 
as carbon/epoxy materials. The delamination will often propagate along preferred ply 
interfaces from the impact site [1].    
 
Figure 2.24 : Damage development in a thin (flexible) laminate (left) and thick (rigid) laminate (right) 
under a low impact energy event.  
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Zhang et al. [74] suggest that for a thin composite plate (under ~2 mm thick), the bending 
failure mode induces matrix cracking and fibre splitting near the back (non-impacted) surface, 
whereas for a thicker plate (above ~4 mm) the impact force induces higher interlaminar shear 
stresses (mode II) resulting in delamination damage. Z-pinning can reduce the amount of 
delamination damage caused by an impact event [10][16][20][26][59][74]. For example, Zhang 
et al. [74] found that the impact damage area in a carbon/epoxy laminate was reduced by 19-
64% with z-pinning, with the magnitude of the reduction being dependent on the pin content 
and impact energy. Z-pinning was found to be more effective for thick laminates where 
delamination was the dominant damage mode.  Z-pinning is also effective at reducing the 
amount of delamination damage (by 30-50%) caused by hailstone impact [2].   
 
The post-impact compressive strengths of z-pinned laminates are often higher than the 
unpinned material [4],[14][62][74]. This is attributed due to the smaller amount of impact-
induced damage and the greater buckling resistance of the delaminated plies due to the 
formation of crack bridging traction loads by the z-pins [17]. However, z-pinning is ineffective 
at raising the threshold impact energy to initiate damage and suppressing very short 
delaminations caused by low energy impact loading [79]. Mouritz et al. [72] suggest that z-
pinning is only effective at reducing the amount of impact damage when the delamination 
cracks are longer than 5-10 millimetres, which is needed to develop a crack bridging traction 
zone. Even though several experimental studies have proven that the impact damage resistance 
of laminates is improved by the z-pinning [16][20][26][59][74][80] , a dynamic fracture 
mechanics-based model to analyse the impact damage response of z-pinned materials has not 
been developed.       
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2.5.2 Damage tolerance of z-pinned joints 
Bonded joints are often one of the weakest locations in aircraft composite structures. The 
adhesive used for bonding is much weaker than the composite material, and therefore is more 
likely to fail. A variety of joint designs are used to connect composite sections in aircraft, 
including lap joints to connect skin panels and T-shaped joints to join stringers, spars and ribs 
to skins. The bond that forms the joint is created using high-strength adhesive or co-curing of 
the composite sections. A problem with many types of composite joints is their low damage 
tolerance due to their susceptibility to rapid delamination cracking (so-called “unzipping”), for 
example between the skin and stiffeners in the case of T-joints. The low damage tolerance is 
due mainly to the low strength and low fracture toughness of the bond-line that connects the 
stiffeners to the skin. Long delamination cracks can grow unstably along the weak bond-line 
which leads to a large loss in the buckling strength of stiffened composite panels 
[51],[75][76][77]. Various methods have been used to increase the damage tolerance of 
composite joints, including using toughened adhesives and polymer nanocomposites [70][78]. 
Unfortunately, most strengthening methods provide only an incremental (rather than large) 
improvement to the failure resistance of bonded joint structures.   
 
Experimental and numerical research studies have shown that the through-thickness 
reinforcement of bonded composite joints with z-pins is a highly effective method for 
improving the structural properties [3][16][21][33][39][80][83]. It has been proven that z-pins 
are remarkably effective at increasing the ultimate failure strength, absorbed energy, and 
fatigue life of joints and stiffened panels by generating bridging traction loads which are 
resistant to large-scale delamination crack growth along the bond-line 
[3][16][21][33][39][80][81][83]. During delamination failure of the bond-line, the z-pins 
bridge across the crack and thereby transfer the applied stress between the adherents, which 
results in higher strength and suppresses brittle, catastrophic failure.   
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While the capacity of z-pins to increase the mechanical properties of bonded composite 
structures (including lap, T- and L-shaped joints) has been proven [3][16][21][33][39][80][83], 
there is no published work into the improvement to the damage tolerant properties of bonded 
structures by z-pinning. To date, research has centred on the analysis and experimental 
determination of the mechanical properties and strengthening mechanisms of z-pinned bonded 
joints without damage [3][16][21][33][39][80][83]. No work has been reported on the capacity 
of z-pins to improve the damage tolerance of joints that contain defects such as delamination 
cracks or impact-induced damage. As mentioned, several studies [2][14][74][85] have shown 
that z-pinning is a highly effective method for increasing the impact damage resistance and 
post-impact compression properties of flat composite panels, although similar work on joint or 
stiffened panels has not been reported.  
 
2.6 CONCLUSIONS 
This review has covered a large body of published modelling and experimental research into 
the microstructure, delamination toughness, impact damage resistance, in-plane mechanical 
properties, and joint properties of z-pinned composites. Some of the most significant findings 
are that the in-plane tension, compression and flexural properties are reduced by z-pinning. 
The reduction to these properties is caused by microstructural damage such as out-of-plane 
crimping, in-plane waviness and breakage of the fibers, resin-rich regions, and swelling of the 
laminate that lowers the average fiber volume content. However, the large improvements to the 
interlaminar fracture toughness properties and impact damage resistance obtained by z-pinning 
can out-weigh the modest reductions to the in-plane properties.  
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Models have been developed to predict the structural properties of z-pinned laminates, such as 
their delamination toughness, local buckling strength, elastic properties and compressive 
strength. However, models capable of predicting the impact damage resistance and associated 
post-impact damage tolerance do not exist. Unless these issues are resolved, it is not possible 
for z-pins to be used on damage tolerant composite structures for aircraft. 
 
While the influence of z-pinning on the in-plane properties and interlaminar toughness 
properties have been studied in detail, much less is known about the damage tolerant 
properties. To date, there is no published research into the fatigue properties and failure 
mechanisms of impact damaged z-pinned laminates. The possible use of z-pinned laminates in 
compression-loaded aircraft structures provides the impetus to evaluate the post-impact fatigue 
properties.  
 
There is also no published research into the effect of pre-stress on the impact damage response 
and post-impact properties of z-pinned laminates. While there are some studies into the impact 
damage tolerance, these have been confined to composites without pre- load 
[29][31][47][82][84][85]. This does not sufficiently reflect the actual loading that structural 
material experience on aircraft.  
 
Furthermore, the damage tolerance of z-pinned bonded joints has not been studied, despite it 
also being an important issue in the certification of z-pinned aerostructures.  While a large 
number of studies have recently been performed into the strengthening and toughening of 
composite joints by z-pinning, the damage tolerant properties of joints containing bond-line 
cracks and other flaws have not been determined. Again, as assessment of the damage 
tolerance of z-pinned joints is essential for their use in primary aircraft structures.  
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Chapter 3: DAMAGE TOLERANCE OF Z-PINNED 
COMPOSITES UNDER COMPRESSION 
LOADING 
 
ABSTRACT 
This research chapter presents an experimental study into the use of z-pins to improve the 
damage tolerance of carbon/epoxy composite materials. The study investigates the effect of 
increasing volume content of z-pins (up to 4%) on the barely visible impact damage resistance, 
post-impact compression fatigue properties, and fatigue damage mechanisms of a quasi-
isotropic carbon-epoxy material. The effect of stacking sequence on low-velocity impact 
damage tolerance and post-impact compression properties of z-pinned laminates is also 
investigated by comparing quasi-isotropic and cross-ply materials.   
 
The study reveals new insights into the impact damage resistance of z-pinned composites. Z-
pins induce different responses in the compression fatigue properties of the quasi-isotropic 
composite following low or high energy impact loading. Z-pins proved ineffective at 
increasing the fatigue properties when the quasi-isotropic composite contained low-energy 
BVID. However, z-pins were effective at improving the fatigue performance of the composite 
with high-energy BVID, with the post-impact fatigue life and fatigue endurance limit 
increasing with the pin content. The improvement in fatigue performance is due solely to the 
increased resistance against high energy impact damage imposed by the z-pins. It is also found 
that z-pins do not affect the fatigue mechanism or fatigue damage growth rate of the composite 
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containing BVID. The cross-ply composite displayed similar behaviour to the quasi-isotropic 
composite in terms of BVID resistance and post-impact compression properties.  
 
This chapter also investigates for the first time the damage tolerance of z-pinned composite 
containing single or multiple delamination cracks representative of debonding cracks caused 
by poor manufacturing or over-loading in the through-thickness direction. It was found that z-
pins were effective at retaining the compressive strength of the delaminated composite, even 
for very long cracks that spanned virtually the entire load-bearing section of the material. The 
capacity of the z-pins to retain the compressive strength increased with their volume content, 
with the highest pin content (4% by volume) being highly effective at increasing the 
compressive damage tolerance of the delaminated composite. The damage tolerance is 
achieved by the z-pins formed a bridging traction zone across the delamination which allowed 
stress transfer across the cracked region. 
 
Part of the research presented in this chapter has been published in: 
Isa, M.D., Feih, S. and Mouritz, A.P., ‘Compression fatigue properties of quasi-isotropic z-
pinned carbon/epoxy laminate with barely visible impact damage’ Composite Structures, Vol 
93, (2011), pp. 2222-2230. 
 
3.1 INTRODUCTION 
Damage tolerance is an important requirement in the certification of aircraft structures, as 
mentioned in chapter 1. The certification of primary composite structures in civil passenger 
airliners (FAR 25.571) has the requirement that in-service damage, such as delamination 
cracks created by an impact event, must not grow for a specified period of service while 
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maintaining a minimum level of residual static strength. The certification also requires that the 
damage does not reduce the mechanical properties and fatigue performance of the structure 
below the minimum design limits. 
 
Many techniques have been developed to reinforce composite materials in the through-
thickness direction to improve the impact damage resistance and post-impact mechanical 
properties, as discussed in chapter 2. Orthogonal weaving and stitching are common through-
thickness reinforcement techniques for improving the impact damage tolerance of composites, 
however they can only be applied to textile composite made using a dry fabric preform. The 
only technique capable of the through-thickness reinforcement of composites made using 
prepreg tape is z-pinning.  
 
The aim of this chapter is to investigate the effect of z-pinning on the in-plane compression 
properties of impact damaged carbon fibre-epoxy composites. A carbon-epoxy material was 
studied because it is the most common type of composite used in aircraft structures. The effect 
of increasing volume content of z-pins up to 4% (which is about the maximum amount that is 
practically used) on the compression static and fatigue properties as well as the fatigue 
mechanisms of composite material containing different amounts of barely visible impact 
damage is investigated. The effect of z-pinning on the fatigue tolerance of composite materials 
containing impact damage has not been previously investigated. As part of this investigation, 
the effect of different ply stacking sequences (quasi-isotropic and cross-ply) on impact damage 
resistance and post-impact compression properties of z-pinned composites is determined. In 
addition, the capacity of z-pins to improve the compression tolerant properties of composites 
containing pre-existing delamination cracks along the mid-plane of a laminate and at every ply 
interface within a laminate is investigated.  
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3.2 MATERIALS AND EXPERIMENTAL TECHNIQUES 
3.2.1 Composite Materials 
The composite materials used in this study were nearly quasi-isotropic composite and has the 
ply stacking pattern of [0/+45/-45/90/0/+45/-45/90/0/90]s and cross-ply [0/90]s carbon-epoxy 
laminates, which were both made of unidirectional tape (VTM264/HS-200 supplied by 
Advanced Composites). The prepreg was stacked in either the quasi-isotropic or cross-ply 
pattern to a thickness of 20 ply layers. The preform was debulked every 4 plies during the lay-
up process to remove entrapped air and thereby minimise the possibility of porosity. Prior to 
curing, the prepreg stack was reinforced in the through-thickness direction with z-pins, which 
were 0.28 mm diameter rods of pultruded carbon/bismaleimide. In this study the quasi-
isotropic composite was reinforced with z-pins to volume contents of 0.5%, 2.0% or 4.0% and 
the cross-ply material contained a z-pin content of 2%. The z-pins in both materials were 
arranged in a grid pattern that extended in straight rows along and across the specimen as 
shown schematically in Figure 3.1. In addition, quasi-isotropic and cross-ply composite 
specimens without z-pins were produced as the control materials. The unpinned and z-pinned 
composites were cured in an autoclave at a temperature of 120
o
C and pressure of 90 psi (621 
kPa) for duration of one hour.  
Thickness values of the fully cured composites are given in Table 3.1, and they are the same 
(within the bounds of scatter). There was no significant difference in the carbon fibre volume 
contents of the unpinned and z-pinned specimens, which was about 60%. 
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Table 3.1:Thickness of unpinned and z-pinned carbon-epoxy specimens 
 
Specimen Thickness 
Type Average (mm) Std/Error 
Quasi-Isotropic     
No z-pins 4.27 0.05 
0.5% z-pins 4.30 0.08 
2% z-pins 4.33 0.08 
4% z-pins 4.33 0.09 
Cross-ply   
No z-pins 4.22 0.08 
2% z-pins 4.25 0.15 
 
3.2.2 Impact Testing 
Barely visible impact tests were performed according to SACMA SRM 2R-94 specifications 
on rectangular panels (115 mm long x 90 mm wide) of the unpinned and z-pinned laminates 
using a drop-weight impact machine with a 12 mm diameter hemispherical steel tup impactor 
(2.016 kg). The impact machine is shown in Figure 3.2. The machine was instrumented with a 
laser photo/diode system to measure the amount of energy absorbed by the composite 
specimen during the impact event.  An interface cut-out frame was positioned over the 
specimen and it was mounted between clamps (4 locations) and base plate providing a uniform 
clamping force. One sample each of the unpinned and z-pinned composites were tested at 
different incident impact energy levels up to 25.5 J.  
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Figure 3.1 : Plan-view schematic of compression specimen containing z-pins. The dots indicate the 
arrangement of the z-pins. The arrows indicate the compression load direction. 
 
 
 
Figure 3.2 : The drop weight impact machine used for BVID testing 
 
Following impact testing, the specimens were inspected using a flat-bed ultrasonic C-scan 
system to measure the size of the impact damaged region, as shown in figure 3.3. The 
ultrasonics was performed at a transducer frequency of 10 MHz. The damaged area is detected 
by sending a pulse through the laminate and receiving the reflected pulse from the 
discontinuity or interface inside laminate. Consequently, C-scanning was used to map the area 
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of damage around the impact site. C-scanning was conducted at RMIT (UT Win UltraPac). 
With C-scanning, both sides of the panel (impacted, non-impacted) were scanned. An example 
of the planar view of delamination damage recorded using C-scan ultrasonics is shown in 
Figure 3.4.   
 
 
Figure 3.3 : Specimen undergoing c-scan ultrasonic inspection for damage 
 
 
Figure 3.4 : Typical c-scan ultrasonic image of impacted specimen 
 
Transducer 
Specimen 
47 
 
3.2.3 Compression Testing 
The in-plane compression properties of the composite panels were measured before or after 
impact testing. The elastic modulus and ultimate strength was determined by compressing the 
panel under a monotonically increasing compression load at a constant end-shortening rate of 1 
mm/min. The ultimate compression load was determined from the maximum applied to the 
composite sample to cause failure. This force value was used to calculate the compressive 
strength.  The  specimen set-up and fixture are shown in Figure 3.5. The compression modulus 
was measured using a wire-strain type Kyowa KFG-5-120-C1-11L3M3R of 5 mm gage length. 
It was attached to the panel outside of the impact damage region. Three specimens were 
compression tested for the unpinned and z-pinned (0.5%, 2% or 4%) materials without impact 
damage or after impact at different energy levels up to 25.5 J.   
  
 
Figure 3.5 : Compression test set-up 
 
The fatigue life (S-N curve) of the quasi-isotropic composite panels was measured under 
constant amplitude cyclic compression loading. Fatigue tests were performed over a range of 
maximum stress levels ranging from 80% to 98% of the ultimate compressive strength (UCS). 
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Tests were not performed at peak cyclic stresses below 80% because this was below the fatigue 
endurance limit of the material, and they did not fail within one million load cycles. Table 3.2 
shows the selected percentages of UCS used in the fatigue tests. The fatigue stress was applied 
as a sinusoidal waveform at a frequency of 4 Hz and R ratio of 0.6. The fatigue life was 
measured using the number of compression load cycles required to fail the panel. The test was 
terminated if the specimen did not fail (rupture) after one million load cycles. One sample of 
the unpinned and z-pinned composites were tested for each condition. 
 
Table 3.2:Experimental compressive fatigue stress of tested specimens  
(quasi-isotropic stacking sequence) 
No Impact 
Composite Type 
 
No z-pins 
0.5% z-pins 
2% z-pins  
4% z-pins 
Fatigue Stress in MPa (Percentage of UCS) 
 
283 (85%); 300 (90%); 317 (95%); 327 (98%) 
280(85%); 296 (90%); 312 (95%); 322 (98%) 
270 (85%); 282 (90%); 301 (95%); 310 (98%) 
266 (85%); 275 (90%); 291 (95%); 300 (98%) 
With Low Energy Impact 
Composite Type 
 
No z-pins 
4% 
Fatigue Stress 
 
271 (90%); 284 (93%); 289 (96%); 295 (98%) 
262 (90%); 265 (93%); 276 (96%); 285 (98%) 
With High Energy Impact 
Composite Type 
 
No z-pins 
0.5% z-pins 
2% z-pins 
4% z-pins 
Fatigue Stress 
 
172 (80%); 182 (85%); 193 (90%) 
180 (80%); 190 (85%); 203 (90%) 
196 (85%); 201 (87%); 208 (90%) 
225 (85%); 230 (87%); 238 (90%) 
 
The size and shape of the impact damage zone to the unpinned and z-pinned specimens was 
monitoring during fatigue testing by through-transmission ultrasonics. The specimens were 
removed from the fatigue loading machine after regular intervals of loading cycles to be 
inspected using ultrasonics. The specimens were then reinstalled in the fatigue machine and 
cyclic loading was continued. This process was repeated numerous times until the specimen 
failed or the test was stopped at one million load cycles.   
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3.2.4 Testing of Delaminated Composites 
In addition to the damage tolerance testing of z-pinned composites for BVID, their damage 
tolerance to single or multiple delaminations representative of damage caused by poor 
fabrication or tensile over-loading in the through-thickness direction was experimentally 
assessed. The damage tolerance of z-pinned laminate specimens containing an artificial 
delamination is shown in Figure 3.6. Laminates were manufactured using the unidirectional 
carbon-epoxy prepreg tape stacked in a nearly quasi-isotropic composite and of [0/+45/-
45/90/0/+45/-45/90/0/90]s ply pattern.  Delamination cracks of various diameters between 20 
and 90 mm were artificially created along the mid-thickness plane of 90 mm wide laminate 
using non-stick plastic, Polytetrafluoroethylene (PTFE) film. The film was about 5 m thick. 
In addition, control specimens without z-pins were produced.  
 
Specimens containing circular delamination cracks (20mm diameter only) were also fabricated 
using the non-stick plastic film for comparison with a single delamination.  The size of the 
delamination created by non-stick film was confirmed by ultrasonic c-scanning of the 
specimen, as shown for example in Figure 3.7. The strength and modulus of the unpinned and 
z-pinned composites containing single or multiple delaminations were measured under an axial 
compressive load applied at an end shortening rate of 1 mm/min using a 250 kN MTS 
machine.  
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Figure 3.6  : Location of the pre-existing bond-line crack in the quasi-isotropic laminate which was 
between 20 and 90 mm diameter. The dotted circled line indicates the edge of the delaminated region. 
 
                                                        
Figure 3.7 : C-scan image of specimen containing a circular delamination crack prior to compression 
testing. 
 
3.2.5 Mode I Interlaminar Fracture Toughness Testing 
The interlaminar fracture toughness of the unpinned and z-pinned composites were determined 
using the double cantilever beam (DCB) test to relate to the impact damage toughness of these 
materials. DCB tests were performed on 30 ply [0/90]s composite specimens that were 120 mm 
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long, 20 mm wide and nominally 6 mm thick to measure the mode I delamination toughness 
properties. The mode I interlaminar fracture toughness tests were performed in close 
accordance with ASTM D5528-13 specifications. DCB tests were performed on the unpinned 
composite and laminates reinforced with z-pin contents of 0.5%, 2% and 4%.  A 25 mm long 
edge pre-crack at the mid-plane of the specimen was used to initiate the delamination crack, 
which grew along the two middle plies [86]. The DCB specimens were loaded at a constant 
crack opening displacement rate of 1 mm/min using a 50 kN Instron, as shown in Figure 3.8. 
The delamination was forced to grow in short increments of 5-10 mm, and at each increment 
the applied force (P), crack-opening displacement () and crack length (a) values were 
measured. Using this information, the mode I strain energy release rate was calculated using: 








N
F
hab
P
GI
)(2
3


       Equation 3-1 
where b and h are the width and half-thickness of the DCB specimen, F is a factor to correct 
for crack length shortening at large displacements, N is a correction factor to account for the 
stiffening effects of the loading blocks, and the term χh adjusts the measured crack length for 
compliance of the uncracked part of the specimen. Equations for solving F, N and χh are given 
in Hashemi et al. [13]. 
 
 
Figure 3.8  : DCB testing of 2% z-pinned cross-ply [0/90]s composite specimen. 
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3.3 RESULTS AND DISCUSSION 
3.3.1  Impact Damage Resistance  
Quasi-Isotropic Composites 
Figure 3.9 shows the effect of incident impact energy on the amount of BVID delamination 
damage to the unpinned and z-pinned quasi-isotropic composites. The amount of damage is 
expressed as damage area or damage zone length, and was measured from the C-scan 
ultrasound images of the impacted specimens.   
Energy 
Regime 
Z-Pin Density (Volume Percent) 
0 0.5 2 4 
 
 
Low Impact 
(8.5J) 
    
 
 
Hi Impact 
(25.5J) 
    
 
Figure 3.9 : C-scan images for the 0%, 0.5%, 2% and 4% z-pinned laminates impacted at 8J and 25.5 
J. The damage is shown by the white region near the centre of the C-scan image 
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Figure 3.10 : Effects of incident impact energy and volume content of z-pins on the amount of 
delamination damage to the quasi-isotropic carbon-epoxy composite. The data points represent the 
average of three measurements. 
 
The data in Figure 3.10 reveals two distinct regimes where z-pins have provided either no 
improvement to the damage resistance in the so-called ‘low-energy regime’ and large 
improvements in the ‘high-energy regime’. The low-energy regime (which covers the range of 
0 to ~17 J) is where z-pins have no significant influence on the threshold impact energy level 
to initiate damage (~5 J) or the amount of delamination damage caused by the impact event (up 
to ~17 J). Z-pins only become effective at reducing the amount of impact-induced damage in 
the high-energy regime (above 17 J), where their ability to resist damage growth increases with 
the incident energy level. This  observation  that  z-pins  do not  improve  the  damage  
resistance at low impact energies, and are only effective above a minimum energy level (which 
in this case is 17 J) has not been previously reported in the scientific literature. Previous studies 
report that z-pins always reduce the amount of impact damage to composite materials by 
forming bridging tractions across the delamination cracks [40][47][55][56][66], as reported in 
chapter 2. However, these previous studies have only performed impact tests on z-pinned 
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composites in the high-energy regime, and no studies have been published for very low-energy 
impacts where z-pins were found to be ineffective at resisting damage.  
 
The low and high energy impact regimes for the z-pinned quasi-isotropic composites is 
attributed to the toughening mechanisms associated with the initiation and development of the 
pin bridging traction zone across the impact damaged region. The delamination fracture 
toughness of z-pinned composites is not constant, but rises with the delamination crack length 
until a high, steady-state condition is reached. Partridge et al. [47] showed experimentally that 
delamination crack growth resistance (R) curves for z-pinned carbon-epoxy composites show a 
progressive increase to the modes I and II interlaminar fracture toughness over the initial 10-20 
mm of crack extension, and then the toughness properties reach a near steady-state condition 
over longer crack lengths (Figure 2.19). Finite element analysis of delamination crack growth 
in z-pinned composites also shows that the mode I and II R-curves increase over the initial 10-
20 mm before reaching the steady-state toughness condition [2][43][47][66]. The delamination 
cracks created in the impact tests on the unpinned and z-pinned composites are caused mainly 
by impact-induced shear stresses [57][87]. The initial rise in the R-curve is due to the 
formation of a bridging traction zone in the early stage of delamination crack growth; that is, as 
the delamination begins to grow an increasing number of z-pins form bridging tractions 
resulting in a rise in interlaminar fracture toughness. Once the bridging zone is fully 
established after 10-20 mm of crack growth the steady-state toughness condition is reached. It 
is shown in Figure 3.9 that the transition point from the low to high impact energy regimes 
occurs at the damage length of ~20 mm, which corresponds to the critical crack length needed 
for the full development of a z-pin bridging traction zone. Therefore, the inability of z-pins to 
improve the damage resistance under low-energy impact loading is attributed to the absence of 
a fully-established crack bridging zone. Z-pins only become effective at resisting damage when 
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the incident impact energy level is sufficiently high for delamination cracks to grow long 
enough (above ~20 mm) to create a fully-developed bridging zone. 
 
Figure 3.10 shows the amount of impact damage suffered by the composite in the high-energy 
regime decreases with increasing z-pin content up to 2%, but there is no further improvement 
in the damage resistance by raising the pin content to 4%. This behaviour is attributed to the 
effect of z-pin content on the delamination resistance of the composite material. The effect of 
z-pin content on the mode I interlaminar fracture toughness of the carbon-epoxy composite is 
shown in Figure 3.11. The interlaminar toughness was measured using the double cantilever 
beam test. The mode I interlaminar fracture toughness of the unpinned carbon-epoxy 
composite is high (GIc ~ 1500 J/m
2
), and this because of the placement of two 90
0
 ply layers 
along the crack plane which promoted significant fibre bridging along the delamination. The 
interlaminar fracture toughness rises rapidly with the volume content of z-pins up to 2%, above 
which there is no further improvement due to breakage of the DCB arms of the composite 
specimen containing 4% z-pins. At this pin content the load required to propagate the 
delamination crack in the z-pinned material is less than the failure load of the material itself, 
and demonstrates the high toughening effect of z-pinning.  
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Figure 3.11  : (a) Effect of volume content of z-pins on the mode I steady-state interlaminar fracture 
toughness (GIc) of the carbon-epoxy composite. The average percentage increase in delamination 
toughness due to the z-pins are given. (b) Breaking of laminate arm to the 4% z-pin DCB specimen  
 
Table 3.3 shows the absorbed impact energy levels for the quasi-isotropic composite 
specimens at the increasing levels of incident energy used in the impact tests. The absorbed 
impact energy was determined from the difference between the incident and rebound kinetic 
energies of the impactor. A laser system attached to the impact rig was used to measure the 
incident and rebound velocities of the impactor, and from these the energy values were 
determined. The data reveals an interesting aspect of the BVID response of z-pinned materials 
which has not been previously observed: the absorbed impact energy is approximately the 
same for the unpinned and z-pinned composites up to the incident energy level of about 17 J 
(b) 
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(which corresponds to an absorbed energy level of ~4 J). At higher incident energies, the 
impact energy absorption of the composite is increased by the z-pins (particularly at the 
intermediate and highest pin contents). At the highest incident impact energy (25.5 J), the 
capacity of the composite to absorb energy is increased over 50% by the z-pins. It is shown in 
Table 3.3 that the absorbed impact energy capacity is not changed by z-pins in the low-energy 
regime, but in the high-energy regime the absorption capacity increases rapidly with the z-pin 
content and incident energy level. The capacity of z-pinned composites to absorb more 
dynamic energy in the high impact regime, even though they suffer less damage (as shown in 
Figure 3.10), is due to the large amount of strain energy absorbed in the formation of the 
bridging traction zone. Micromechanical analysis of the bridging traction zone in z-pinned 
composites reveals that the energy needed to elastically deform, debond and partially pull-out 
the z-pins to create the bridging zone is much higher than the energy needed to grow a 
delamination crack [18][29][31][32][54][77][83] .  
 
Table 3.3: Effect of incident impact energy and volume content of z-pins on the absorbed impact energy 
of the carbon-epoxy composite. 
 
Incident 
Impact 
Energy (J) 
Impact 
Energy 
Regime 
Absorbed Impact Energy (J) 
No z-pins 0.5% z-pins 2% z-pins 4% z-pins 
0 
5 
8.5 
10.0 
12.8 
17.0 
20.0 
25.5 
Low 
Low 
Low 
Low 
Low 
High 
High 
High 
0 
1.0 
2.2 
2.8 
3.5 
4.4 
5.0 
6.0 
0 
1.0 
2.6 
3.0 
4.0 
4.5 
5.0 
6.7 
0 
1.3 
2.6 
2.9 
3.7 
5.4 
7.7 
9.4 
0 
1.2 
2.8 
3.0 
3.8 
4.9 
6.2 
9.2 
  
Cross-Ply Composites  
Figure 3.12 shows the effect of incident impact energy on the amount of delamination damage 
to the unpinned and z-pinned cross-ply composites. The amount of damage is expressed as 
total damage area or damage zone length, and was measured from C-scan ultrasound images of 
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the impacted specimens. Like the quasi-isotropic composite, the data reveals two energy 
regimes where z-pins have different effects on the amount of damage caused by the impact 
event. The low energy regime (which covers the range of 0 to ~15 J) is where z-pins have no 
significant influence on the threshold impact energy level to initiate damage (~8 J) or the 
amount of delamination damage caused by the impact event (up to ~15 J). Z-pins only become 
effective at reducing the amount of impact-induced damage in the high energy regime (above 
15 J), where their ability to resist damage growth increases with the incident energy level. As 
the impact damage behaviour of the quasi-isotropic and cross-ply z-pinned laminates is 
identical, it is expected that the interlaminar toughening mechanisms against the spread of 
impact damage are also similar, which has been discussed in detail.   
 
Figure 3.12 : Effects of incident impact energy on the amount of delamination damage to the cross-ply 
carbon-epoxy composite with and without z-pins 
 
 
A significant difference in the amount of delamination damage was found between the quasi-
isotropic and cross-ply composites in the high energy impact regime. The cross-ply composites 
have smaller delaminated area compared to the quasi-isotropic composites. Both ply 
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configurations have an equal number of dissimilar interfaces, and therefore the difference in 
delamination area is almost certainly due to the difference in the ply stacking sequence. The 
delamination initiation energy between plies with two different orentiations decreases as the 
mismatch in the bending stiffness increases [42]. In the quasi-isotropic composite, the residual 
energy is concentrated in the interfaces where the ply orientation mismatch is larger causing a 
higher delamination area than the cross-ply composite. In contrast to the quasi-isotropic 
configuration, the cross-ply exhibits the same degree of mismatch orientation between all the 
layers through-the-thickness causing a more uniform distribution of residual energy. In 
addition, the bending stiffness of the cross-ply laminate is higher than the quasi-isotropic due 
to higher number of 0
0
 ply (10 versus 6 plies) which results less impact damage. Although 
there is a difference to the delamination area for both ply configurations, similar behaviour of 
the z-pinned laminates in all energy impact regime was noticed demonstrating that z-pins are 
consistently effective at improving the impact damage tolerance regardless of the ply pattern 
when the incident impact energy level exceeds a limiting value. 
 
The microscopic images shown in Figure 3.13 reveal a significant difference to the 
delamination location and length at the ply interfaces along the quasi-isotropic and cross-ply 
composites. The delamination cracks occur mostly between the 0/90
0
 interfaces due to the high 
mismatch in bending stiffness. Since the cross-ply composite has a larger number of 0/90
0
 
interfaces, the number of delamination cracks is higher through-the-thickness than the quasi-
isotropic material. The damage in the cross-ply laminate was also found uniformly distributed 
through-out the interfaces. Besides 0/90
0
 interfaces, matrix within blocked plies was also found 
with flaws (crack) as shown in Figure 3.13. Figure 3.13(c) & (d) reveal the same phenomenon 
for the z-pinned laminates demonstrating that z-pinning does not affect the delamination 
distribution through the laminate interfaces, but has proven its ability to resist delamination 
growth. Because the cross-ply composite has a greater number of ply interfaces which 
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delaminate, this material is able to absorb more of the impact energy over a given volume 
resulting in shorter delaminations cracks than the quasi-isotropic composite. 
    
 
Figure 3.13 : The effect of stacking sequence on the impact damage through the thickness of unpinned 
and z-pinned composite laminates (impacted at high energy level of 25.5J). (a) unpinned cross-ply 
composite; (b) unpinned quasi-isotropic composite; (c) z-pinned cross-ply composite; and (d) z-pinned 
quasi-isotropic composite. 
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3.3.2 Compression Properties of Z-pinned Composites   
3.3.2.1 Compression Properties of Composites without BVID 
Quasi-Isotropic Composites 
Figure 3.14 shows the effect of z-pin content on the compression properties of the quasi-
isotropic carbon-epoxy composite without BVID. The compression modulus and strength 
decrease with increasing volume content of z-pins. Similar reductions to the compression 
properties due to z-pins have been reported elsewhere [88]. The reduction in stiffness is due to 
elastic softening caused mainly by increased waviness of load-bearing (0
o
) fibres around the z-
pins. This waviness occurs in two forms: in-plane deflection of fibres around the z-pins (fig. 
3.15a) and through-thickness crimping of fibres close to the pins (fig. 3.15b). The volume 
fraction of the composite material consisting of regions of high fibre waviness increases with 
the z-pin content, and therefore the compression modulus shows a corresponding reduction. It 
is worth noting that the loss in stiffness due to z-pinning at the highest pin content (4%) is very 
large, and is unlikely to be caused solely by fibre waviness. The other factors such as fibre 
breakage, swelling, reduced fibre volume content etc as highlighted in Chapter 2 are also 
contributors to loss of stiffness. The loss in compression strength is also caused by increased 
fibre waviness, which lowers the critical stress required to induce microbuckling and kinking 
of the most severely distorted load-bearing fibres close to the z-pins [43][49][89].  
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Figure 3.14 : Effect of volume content of z-pins on the compression modulus and strength of the 
carbon-epoxy composite without impact damage. 
 
The compression fatigue properties of the composite without impact damage also decrease 
with increasing z-pin content, as shown by the S-N curves in Figure 3.16. This result is similar 
to the work by Mouritz [88] who found that the open-hole compression fatigue performance of 
carbon-epoxy composites decrease with increasing z-pin content. The slope of the S-N curve 
(defined by the parameter m) does not change significantly with increasing volume content of 
z-pins. The slope parameter defines the average rate of strength loss due to the accumulation of 
fatigue-induced damage with increasing number of load cycles. The observation that the slope 
parameter does not change with the z-pin content suggests that the reduction in fatigue strength 
and the accumulation of fatigue-induced damage is not affected significantly by z-pins. The 
reduction in the compression fatigue life is mostly caused by the reduction in the static 
compression properties caused by the z-pins. The loss in compressive stiffness and strength 
with increasing z-pin content will increase the susceptibility of the composite to fatigue-
induced damage, causing the loss in fatigue life. Both the unpinned and z-pinned composites 
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were observed to fail by microbuckling, and the increased fibre waviness close to the pins 
lowers the fatigue stress (and hence the fatigue life) required to cause final failure. These 
results support previously published research [23][49][60][72][73][88]  that the static and 
fatigue properties of composite materials (without impact damage) are adversely affected by z-
pins.  
 
 
(a) 
 
 
 
 
Figure 3.15 : (a) In-plane fibre waviness and (b) through-thickness 
fibre crimping caused by the z-pins. 
 
 
 
(b) 
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Figure 3.16 : Effect of volume content of z-pins on the fatigue life curves for the quasi-isotropic 
composite without impact damage. The slope of the S-N curve, defined by the parameter m, for the 
different types of composite are given. 
 
Cross-ply Composites 
Upper side figures in Figure 3.17 shows the influence of z-pinning on the compression 
properties of the cross-ply composite without impact damage. The compression modulus and 
strength of the composite was not changed significantly by z-pinning. The average elastic 
modulus values for the impact specimens are slightly higher than for the non-impacted 
specimens. However, due to the size of the error (as indicated by the error bars), the modulus 
of the non-impacted and impacted materials are not statistically different. This is expected 
because barely visible impact damage does not usually alter significantly the elastic modulus 
of composite materials. As expected, the cross-ply composite has higher modulus and ultimate 
compressive strength than the quasi-isotropic composite. The cross-ply composite laminate is 
stiffer and stronger than the quasi-isotropic material due to the higher number of 0
0
 plies (load-
bearing) aligned in the compression loading direction. 
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Figure 3.17 : Compression modulus and strength properties of the unpinned and z-pinned (2%) cross-
ply carbon-epoxy composites without or with low-energy BVID. The composites with low-energy BVID 
were impact tested at an incident impact energy of 8.5 J. 
  
 
3.3.2.2  Compression Properties of Composites with Low-Energy BVID 
Quasi-Isotropic Composites 
The static and fatigue properties of the quasi-isotropic composite containing low-energy barely 
visible damage (<17 J incident energy) is presented in this section. The influence of z-pinning 
on the post-impact compression properties for the low-energy regime was assessed by 
comparing the composite material with the highest z-pin content (4%) against the unpinned 
material. Figure 3.18 shows the compression modulus and strength of the composite with or 
without z-pins before and following low-energy impact loading at the incident energy of 8.5 J. 
The compression properties of both materials are unchanged or reduced slightly by the low-
energy BVID. Furthermore, z-pinning proved ineffective at improving the post-impact 
compression properties.  
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Figure 3.18 : Compression modulus and strength properties of the unpinned and z-pinned (4%) quasi-
isotropic carbon-epoxy composites without or with low-energy BVID. The composites with low-energy 
BVID were impact tested at an incident impact energy of 8.5 J. 
 
Figure 3.19 compares the fatigue life (S-N) curves for the unpinned and z-pinned quasi-
isotropic composites with low-energy BVID. Similar to the static compressive properties, the 
z-pins did not provide higher post-impact fatigue properties to the composite. The BVID in the 
unpinned and z-pinned specimens was monitored using through-transmission ultrasonics over 
the course of the fatigue tests, and it was observed that the low-energy impact damage region 
did not grow with an increasing number of load cycles until immediately before the end-of-life 
when the composite failed catastrophically by microbuckling (fibre kinking) through the 
damaged region (Figure 3.20). This reveals that z-pinning has no influence on the compression 
fatigue life or the growth of damage under cyclic loading when the quasi-isotropic composite 
contains low-energy BVID. 
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Figure 3.19 : S-N curves for the carbon-epoxy composite containing low-energy BVID. The composites 
were impacted in the low-energy regime at an incident energy level of 8.5 J. The arrows indicate 
specimens that did not fail after one million load cycles (m is defined as a slope or gradient to S-N 
curve). 
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Figure 3.20 : a) Ultrasound measurements of damage size in unpinned and z-pinned specimens 
containing low-energy BVID. The composites were impacted in the low-energy regime at an incident 
energy level of 8.5 J. Results are shown for specimens fatigue tested at 94% of the static compression 
failure stress. (b) C-scan images of the unpinned and 4% z-pinned materials just before and after 
failure. 
 
The results show that z-pinning has no beneficial effect on the post-impact static and fatigue 
properties of the quasi-isotropic composite containing low-energy BVID. One of the incentives 
for using z-pins in aerospace and other composite structures is improved impact damage 
resistance and damage tolerance, although this work reveals that this benefit is not achieved for 
(b) 
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low-energy damage. In fact, the use of z-pins is detrimental because they reduce the pre-impact 
static and fatigue compression properties. 
. 
Cross-ply Composites 
The static and fatigue properties of the cross-ply composite containing low-energy barely 
visible damage (8.5 J incident energy) is presented in this section. The influence of z-pinning 
on the post-impact compression properties for the low-energy regime was assessed by 
comparing the composite material with the z-pin volume content of 2% against the unpinned 
material. Figure 3.17 shows the compression modulus and strength of the composite with or 
without z-pins before and following low-energy impact loading. The compression properties of 
both materials are not changed significantly by the low-energy BVID. Z-pinning proved 
ineffective at improving the post-impact compression properties of the cross-ply composite, 
which is similar to that found for the quasi-isotropic material.  
 
3.3.2.3  Compression Properties of Composites with High-Energy BVID 
Quasi-isotropic composites 
The effect of increasing z-pin content on the compression modulus and strength of the quasi-
isotropic composite containing high-energy BVID is shown in Figure 3.21. The post-impact 
modulus is not improved by the z-pins, despite their ability to reduce the amount of BVID in 
the high-energy regime. Localised delamination damage does not significantly alter the bulk 
stiffness of composite laminates, and therefore the reduction in post-impact modulus with 
increasing z-pin content is due to the elastic softening caused by waviness of the load-bearing 
fibres, which is not compensated by the reduced amount of BVID. The post-impact strength of 
the composite in the high-energy regime increases progressively with z-pin content, reaching a 
maximum percentage improvement of over 20% at the highest pin content (4%). The 
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improvement to the post-impact strength due to z-pinning has also been reported elsewhere 
[40][55][56][66], and is attributed to the reduced amount of BVID.   
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Figure 3.21 : Effect of volume content of z-pins on the compression modulus and strength of the quasi-
isotropic carbon-epoxy composite containing high-energy BVID. The composites were impacted in the 
high-energy regime at an incident energy level of 25.5 J. 
  
The results presented in Figure 3.18 and Figure 3.21 reveal that z-pinning is effective at 
improving the post-impact compression strength when high-energy BVID is present, but is 
ineffective with low-energy damage. This is because the incident impact energy must be 
sufficiently high for the z-pinned material to reduce the amount of BVID by forming bridging 
tractions across the delamination cracks. The reduction in the amount of high-energy BVID 
due to the z-pins results in an improvement to the post-impact strength. However, when the 
impact energy is low, and therefore the z-pins cannot create a large-scale bridging zone due to 
the small delamination damage area, then the post-impact strength is not improved by z-
pinning.    
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Figure 3.22 presents compression fatigue life curves for the unpinned and z-pinned quasi-
isotropic composites containing high-energy BVID. The S-N curves show an improvement to 
the post-impact fatigue life, fatigue strength and fatigue endurance stress limit of the composite 
with increasing volume content of z-pins. This effect is different to that observed for low-
energy impact loading, when z-pins did not improve the fatigue properties. The improvement 
to the post-impact fatigue life with increasing z-pin content corresponds with the reduction in 
the amount of BVID sustained by the high energy impact event.  
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Figure 3.22 : Effect of volume content of z-pins on the fatigue life curves for the quasi-isotropic 
composite containing high-energy BVID. The composites were impacted in the high-energy regime at 
an incident energy level of 25.5 J. The arrows indicate specimens that did not fail after one million load 
cycles (m is defined as a slope or gradient to S-N curve). 
 
 
Figure 3.22 also shows that the slope of the S-N curves for the impacted materials (like the 
non-impacted specimens) does not change significantly with increasing z-pin content. This 
suggests that z-pins do not influence the rate of strength loss or the accumulation rate of 
fatigue-induced damage with increasing number of compression load cycles applied to the 
impacted laminates. This is supported by ultrasonic measurements of the growth of the impact 
damage zone in the composite specimens under cyclic loading. For example, Figure 3.23 
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shows the size of the damaged zone in unpinned and z-pinned specimens with increasing 
number of load cycles to final failure. There is no change in the amount of damage to the 
unpinned composite and the composite reinforced at the lowest z-pin content (0.5%) for most 
of their fatigue life, and then the size of the damaged region increases rapidly at the end-of-life 
due to the rapid growth of delamination cracks which cause final failure. Ultrasonics also 
revealed that specimens which did not fail under fatigue loading show no growth of the high-
energy BVID, as shown in figure 3.23 by the composites containing 2% or 4% z-pins.  
 
 
Figure 3.23 : Ultrasound measurements of damage size in unpinned and z-pinned quasi-isotropic 
specimens containing high-energy BVID with increasing number of load cycles.  The composites were 
impacted in the high-energy regime at an incident energy level of 25.5 J. Results are shown for 
specimens fatigue tested at 85% of the static compression failure stress. 
 
Based on the analysis of the S-N curves and the ultrasound measurements, it appears that the 
improvement to the fatigue life of the composite containing high-energy BVID with increasing 
z-pin content is not due to pins changing the fatigue process by resisting the growth of damage 
under cyclic compression, but is due simply to the pins reducing the amount of initial damage 
sustained in the high energy impact event.   
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Cross-ply composites 
Figure 3.24 shows the effect of z-pinning (2% volume content) on the compression properties 
of the cross-ply composite containing high-energy BVID. The post-impact compression 
modulus is not improved by the z-pins, despite their ability to reduce the amount of BVID in 
the high-energy regime. As mentioned, the bulk stiffness of composite laminates is not affected 
by the localised delamination damage. The reduction in post-impact modulus of z-pinned 
cross-ply composite is due to the elastic softening caused by waviness of the load-bearing 
fibres, which (like the quasi-isotropic material) is not compensated by the reduced amount of 
BVID. However, the post-impact compression strength of the cross-ply composite in the high-
energy regime increases by 20% with z-pin reinforcement.  
 
Figure 3.24 : Compression modulus and strength properties of the unpinned and z-pinned (2%) cross-
ply composites without or with high-energy BVID. The composites with high-energy BVID were impact 
tested at an incident impact energy of 25.5 J 
 
3.3.3 Damage tolerance of z-pinned laminates 
This section presents experimental research into the damage tolerance of z-pinned laminates 
that contain a single delamination crack along the mid-plane. The effect of increasing z-pin 
content (up to 4%) on the damage tolerance was quantified by measuring the ultimate 
compressive stress. Figure 3.25 and Table 3.4 show the effect of z-pin content and increasing 
crack length on the ultimate strength of the quasi-isotropic laminate containing pre-existing 
delaminations of different sizes. As expected, the ultimate load of the unpinned laminate 
decreased with increasing initial crack size, whereby failure occurred by sub-laminate buckling 
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along the mid-plane where the delamination was located. The effect of increasing crack length 
on the strength of the z-pinned laminate was controlled by their pin content. The lowest z-pin 
content (0.5%) did not cause any significant improvement to the damage tolerant strength. 
Increasing the z-pin content to the intermediate level (2%) resulted in the slower reduction in 
strength with increasing crack length, and above ~30 mm the strength was higher than the 
unpinned material. At the highest pin content (4%) the compressive strength was not affected 
significantly by the delamination crack, even at the longest length where it extended across the 
entire load-bearing section of the specimen.  The higher failure stress of the z-pinned laminate 
was due to the pins forming bridging tractions across the pre-crack region which transferred 
the applied shear stress between the plies as shown in Figure 3.25. 
 
Table 3.4:Residual compressive strength of a single pre-existing flaw at mid-plane of laminate.  
The units is MPa. 
 
Single Ply 
Mid-Plane 
no z-pin 
Ave. Stresss 
Error Bar 
STD 
0.5% z-pin 
Ave. Stresss 
Error Bar 
STD 
2% z-pin 
Ave. Stresss 
Error Bar 
STD 
4% z-pin 
Ave. Stresss 
Error Bar 
STD 
0 345.02 6.70 340.07 4.66 317.39 11.38 306.01 23.49 
20 335.42 13.24 311.00 0.13 306.41 6.88 280.09 36.10 
50 248.06 7.40 255.80 8.07 303.53 4.99 301.46 8.44 
90 189.48 4.42 206.29 15.88 236.07 0.33 280.99 9.29 
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Figure 3.25 : Effects of initial pre-crack length (diameter) on the ultimate load 
   
The damage tolerance of the z-pinned laminates that contained 20 mm long delamination 
cracks at every ply interfaces was also studied. This damage condition replicates (to some 
extent) the damage caused by impact loading, although under dynamic loading the 
delaminations are usually not exactly the same length at every ply interface. The effect of 
increasing z-pin content on the residual compressive strength of the quasi-isotropic composite 
is shown in Figure 3.26. The failure stress increases with the volume fraction of z-pins up to 
2%, above which the damage tolerance remains constant (within the bounds of experimental 
scatter). The typical schematic fractured location upon compression (at the centre of the 
laminate) is inserted into Figure 3.26. In all cases, the specimen failed by 
microbuckling/kinking of the load-bearing plies within the damaged region. The improvement 
in damage tolerance is due to the z-pins forming a bridging traction zone across the initial pre-
crack region through-out the laminate. This behaviour is attributed to the effect of z-pin 
content on the delamination resistance of the composite material. As previously discussed, the 
interlaminar fracture toughness (mode I) rises rapidly with the volume content of z-pins up to 
2%, above which there is no further improvement due to breakage of the DCB arms of the 
composite containing 4% z-pins. At this pin content the load required to propagate the 
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delamination crack in the z-pinned material is less than the compression failure load of the 
material itself causing no further increase. 
   
 
Figure 3.26 : Residual compressive strength of z-pinned laminate with 20 mm initial delamination 
cracks at every ply interface.  
 
3.4 SUMMARY AND CONCLUSIONS 
The major findings and conclusions of the research work presented in this chapter can be 
summarized as follows: 
 
 Z-pins are only effective at improving the barely visible impact damage tolerance of 
carbon-epoxy composites when the impact energy exceeds a critical value. The energy 
must be high enough to cause large-scale delamination cracking (typically above 10-20 
mm in length) which allows the formation of a large-scale z-pin bridging traction zone.  
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 Impact damage resistance increases with the volume content of z-pins up to a limiting 
value (which in this study was 2%). Increasing the z-pin content further did not promote 
additional resistance against BVID because maximum delamination toughening by crack 
bridging was attained.  
 
 Z-pinning increased the capacity of the composite material to absorb energy from high 
energy impact events. The impact energy absorption was increased by the energy needed 
to form the bridging traction zone involving elastic deformation, debonding and frictional 
sliding during partial pull-out of the z-pins.  
 
 Z-pinning is detrimental to the compression properties of carbon-epoxy composite without 
impact damage. The compression modulus, strength and fatigue life decrease with 
increasing volume content of z-pins due mainly to waviness and crimping of the load-
bearing fibres. Z-pinning improves the compression properties, including the fatigue 
performance, when the composite is subjected to high-energy impact events. The post-
impact strength and fatigue life increase with the z-pin content due mainly to the lower 
amount of BVID.  
 
 Z-pinning is an effective toughening method for increasing the damage tolerance against 
single or multiple delamination cracks. Reinforcement of the delaminated region with z-
pins increases the compressive failure stress of laminates containing pre-existing bond-line 
cracks by generating bridging traction loads along the delamination which resist sub-
laminate buckling.  
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Chapter 4: IMPACT DAMAGE TOLERANCE OF 
Z-PINNED COMPOSITES UNDER LOAD 
 
ABSTRACT 
This chapter presents an experimental study investigating the use of z-pinning to improve the 
impact damage properties of carbon/epoxy composite while under an externally applied axial 
stress. The study investigates the effect of pre-loading in tension or compression on the barely 
visible impact damage resistance and impact energy absorption of unpinned and z-pinned 
composites. The study reveals new insights into the impact damage resistance of z-pinned 
composites while under tensile loading. The results show that the amount of impact damage to 
the unpinned and z-pinned materials was not affected significantly by pre-loading when the 
incident impact energy was relatively low (8.5 J). At a high energy level (~25.5J), however, 
both the amount of impact damage and the absorbed impact energy of the materials increased 
rapidly with the tensile pre-strain level. At the higher energy level the z-pinned composite 
exhibited greater impact damage resistance than the unpinned materials. The results presented 
in this chapter demonstrate for that first time that z-pins increase the impact damage resistance 
of pre-loaded carbon/epoxy composites used in aircraft structures. 
 
4.1 INTRODUCTION 
While an extremely large number of studies have been conducted into the low-energy (barely 
visible) impact properties of composite materials, only a limited number of studies have 
considered the influence of preloading of the composite on the impact damage tolerance 
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[86][90][94].  It is important to understand the effect of preloading on the impact properties 
because composite aircraft structures can be under load when impacted. For example, the 
underside of an aircraft wing experiences a tensile membrane stress during flight, and it is 
possible for birds to strike this region during take-off and landing. As another example, the 
upper wing surface is loaded in compression during flight, and may be susceptible to hail 
impact during a severe weather event. Studies have shown that the absorbed energy and 
damage size experienced by composites during impact is dependent on both the type (tension 
or compression) and magnitude of the pre-load [36][95]. The influence of pre-loading on the 
impact properties of composites becomes more pronounced the higher the applied stress 
[36][95]. This is because the pre-load facilitates damage growth once it is initiated by the 
impact event. 
 
The effect of pre-load on the impact damage properties of z-pinned composites has not been 
previously studied, although it is essential that its behaviour is known if these materials are 
used in primary aircraft structures. The only reported study into the impact properties of pre-
loaded composites with through-thickness reinforcement was performed by Herzberg and 
Weller [14], who found that stitching improved the impact damage resistance of carbon/epoxy 
composites under compression loading.  
 
The aim of this chapter is to investigate the effect of z-pinning on the impact damage resistance 
of carbon/epoxy composites when subjected to axial loading in tension and compression. The 
study compares the impact damage and absorbed impact energy properties of an unpinned 
composite against a composite reinforced with z-pins (2% by volume). 
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4.2 MATERIALS AND EXPERIMENTAL TECHNIQUES 
4.2.1 Composite Materials 
The unpinned and z-pinned materials used in this study were made with unidirectional 
carbon/epoxy tape (VTM264/HS-200 supplied by Advanced Composites). The prepreg was 
stacked in the nearly quasi-isotropic composite and has the ply stacking pattern of [0/+45/-
45/90/0/+45/-45/90/0/90]s. The preform was debulked every three plies during tape lay-up to 
remove entrapped air and thereby minimise porosity. Prior to curing, the prepreg stack was 
reinforced in the through-thickness direction with z-pins, which were 0.28 mm diameter rods 
of pultruded carbon/bismaleimide. In this study the quasi-isotropic composite was reinforced 
with z-pins to the volume content of 2%. The z-pins were arranged in a grid pattern that 
extended in straight rows along and across the composite plate used for impact testing, which 
is discussed shortly. A quasi-isotropic composite without z-pins was produced as the control 
material. The unpinned and z-pinned composites were cured in an autoclave for duration of 
one hour at a temperature of 120
0
C and pressure of 621 kPa (90 psi). Thickness values of the 
unpinned and z-pinned composites were 4.25 ± 0.05 and 4.34 ± 0.09 mm, respectively. 
 
4.2.2 Impact-Under-Load Testing 
Impact-under-load tests were performed on rectangular coupons of the unpinned and z-pinned 
composites. The geometry and size of the impact specimens is shown in Figure 4.1. Composite 
tabs were bonded to the specimen ends using epoxy film adhesive (ACG VTA 260) to avoid 
crushing when clamped by the loading test machine. The tabs were bonded to the specimens 
using vacuum bagging at 120
0
C for one hour.  
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Figure 4.1 : Geometry and dimensions of impact-under-load test specimen. Upper and lower figures are 
top and side views of the specimen. 
 
The impact-under-load tests were performed by pre-loading the specimens in axial tension or 
compression using a 100 kN loading machine aligned in the horizontal direction. A drop 
weight impactor was suspended above the specimen mounted in the loading machine, as 
illustrated in Figure 4.2. Impact tests were performed on unpinned and z-pinned composite 
specimens while subjected to different pre-strain levels. The strain was determined using a 
resistive wire strain gauge that was bonded to the non-impacted surface of the specimen, as 
shown in Figure 4.3. The relationship between the applied load and strain of the specimens up 
to 4500 is shown in Figure 4.3 (b). Impact tests were performed at specimens pre-loaded in 
tension at different strain levels up to the maximum of 4500 , which is about the maximum 
strain experienced by aircraft structures during routine flight operations. Impact tests were 
performed in compression up to the maximum of 1000 , above which the unrestrained 
specimens failed by buckling.  
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Figure 4.2 :Schematic diagram showing the location of impact 
 
(a) 
 
 
 
 
Figure 4.3 : (a) A schematic diagram of strain gauge location on the impact specimen, (b) Relationship 
between strain and applied tensile load of tested specimen 
 
(b) 
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While under load, the specimens were impacted with a hemispherical steel tup with a diameter 
of 12.5 mm and mass of 1.03 kg. The tup was dropped from two heights to obtain low energy 
impact (8.5 J) and high energy impact (25.5 J) events. The impact machine was instrumented 
with a laser photo/diode system to measure the amount of energy absorbed by the composite 
specimen during the impact event. Following impact testing, the specimens were inspected 
using a flat-bed ultrasonic C-scan system to measure the size of the impact damage region. The 
ultrasonic inspection was performed using a transducer frequency of 10 MHz. 
 
4.3 RESULTS AND DISCUSSION 
The tensile strains applied to the unpinned and z-pinned composites during impact loading 
covered the range experienced by aircraft structures under operational loads. Aircraft fuselage 
skins for example, experience operational strains up to 1500 during their service life. 
Similarly, wing skins experience peak strains in the region of 3000-4500 , with 1500 
being a typical strain level away from the immediate vicinity of the root [96]. Elsewhere, 
horizontal stabilizers experience similar strain levels.  
 
Figure 4.4 shows the effects of incident impact energy and pre-strain level on the amount of 
delamination damage to the unpinned and z-pinned composites. Impact loading of the pre-
loaded composites at the low energy (8.5 J) did not alter their damage resistance. Both the 
unpinned and z-pinned composites suffered the same amount of impact damage at the low 
energy level, and the amount of damage did not change when pre-loaded in tension or 
compression. As discussed in chapter 3, low energy impact loading causes short delamination 
cracks (under ~10 mm in length) to develop within the z-pinned composite. The length of the 
cracks is too short for the z-pins to generate a large-scale bridging zone, and therefore the 
interlaminar toughness is not altered significantly by the pins. For this reason, the z-pinned 
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composite experienced the same amount of impact-induced delamination cracking as the 
unpinned material. The results also reveal that the tensile and compressive strains applied to 
the composites during impact testing were insufficient to cause additional damage growth 
beyond that caused when the materials were not pre-loaded. The amount of absorbed impact 
energy by the pre-loaded unpinned and z-pinned composites was also the same under low 
energy impact loading. Figure 4.5 shows the effect of pre-strain level and incident impact 
energy on the amount of energy absorbed by the composites during the impact event. There is 
no significant difference between the unpinned and z-pinned materials; further indicating that 
z-pinning does not affect the low-energy impact behaviour. 
 
Figure 4.4 shows that increasing the tensile strain applied to the unpinned and z-pinned 
composites resulted in larger amounts of damage when impacted at the high energy level (25.5 
J). This is attributed to the pre-load aiding the growth of impact-induced delamination cracks 
within the composites. The internal strains within a composite plate under combined axial 
static loading and transverse dynamic (impact) loading are complex. The formation of larger 
damage at higher tensile pre-strain levels indicates that the applied tensile force is 
superimposed upon the impact force to initiate and propagate delamination cracks in the 
composites. Similar behaviour was found by Herzberg et al. [21] during the impact of stitched 
composites under compression loading. Figure 4.5 shows that the amount of impact energy 
absorbed by the composites increased with the applied tensile strain and this additional 
absorbed energy increased the amount of damage in both the unpinned and z-pinned 
composites. Figure 4.4 also shows that z-pinning was effective at reducing the amount of 
impact damage at all tensile strain levels. Above a pre-strain of ~3000  the amount of impact 
damage to the composite was reduced by 30-60%. This reveals that z-pins are effective in 
increasing the impact damage resistance of carbon/epoxy composites in both the unloaded and 
loaded conditions. 
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Figure 4.4 :Effects of preloading and incident impact energy on the impact damage area to the 
unpinned and z-pinned composites 
 
Figure 4.5: Effect of pre-loading on the absorbed impact energy of the unpinned and z-pinned 
composites. 
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4.4 CONCLUSIONS 
 
The major findings and conclusions of this preliminary experimental study into the effect of 
impact damage resistance of z-pinned laminates under load are as follows: 
 
 The amount of impact-induced damage increased with the applied strain for both unpinned 
and z-pinned laminates. 
 
 Z-pins were only effective at reducing the amount of impact-induced damage for high 
energy events, where their ability to resist damage growth increased with the applied 
tensile strain. Z-pins were ineffective at reducing the amount of impact damage to pre-
loaded laminates subjected to low energy events due to the small size of the crack bridging 
zone. 
 
 The absorbed energy capacity of the z-pinned laminate increased with the pre-strain tensile 
level when impacted at a high energy event.  
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Chapter 5: DAMAGE TOLERANCE OF Z-PINNED 
COMPOSITE JOINTS 
  
ABSTRACT 
Bonded composite joints used in aircraft applications are susceptible to unstable (rapid) bond-
line cracking that results in poor damage resistance and low damage tolerant properties. The 
effect of z-pin reinforcement on the damage tolerance of bonded joints made of carbon fibre-
epoxy composite is experimentally studied in this chapter. It was discovered that the ultimate 
strength, failure strain and absorbed energy capacity properties of T-joints and single lap-joints 
were improved by z-pin reinforcement of the bonded region. The improvement to these 
properties was due to the capacity of z-pins to resist unstable delamination growth along the 
bonded region to the T-joints (induced by interlaminar mode I stress) and lap joints (induced 
by interlaminar mode II stress) by forming a crack bridging traction zone.  
 
Large improvements to the damage tolerance of T-joints and lap joints containing pre-existing 
bond-line cracks was achieved by z-pinning. Experimental analysis also showed that z-pins 
were highly effective at improving the damage tolerance of T-stiffened panels that contained 
multiple cracks along and near the bond-line caused by impact loading. The residual 
mechanical properties of damaged z-pinned joints were much higher (typically in the range of 
100% to 500%) than the unpinned joint, and based on this research z-pinning is shown to be an 
effective technique for increasing the impact damage resistance and post-impact mechanical 
properties of T-stiffened composite panels for load-bearing structural applications. 
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(Part of the research presented in this chapter was performed in collaboration with another PhD 
student (Tze Min Koh) and a former PhD student (Dr Paul Chang). Dr Koh and Dr Chang 
performed some of the work on the mechanical properties of the undamaged T-joints and lap 
joints, respectively. The rest of the work presented in this chapter was undertaken solely by the 
author). 
 
Part of the research presented in this chapter has been published in the following journal 
papers: 
Koh, T.M., Isa, M.D., Chang, P. and Mouritz, A.P., ‘Improving the structural properties and 
damage tolerance of composite joints using z-pins’, Journal of Composite Materials, Vol. 46, 
(2012), pp. 3255-3265. 
 
Koh, T.M., Isa, M.D., Feih, S., and Mouritz, A.P., ‘Experimental assessment of the damage 
tolerance of z-pinned T-stiffened composite panels’, Composites B, Vol. 45, (2013), pp. 620-
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5.1 INTRODUCTION 
Bonded joints are often one of the weakest locations in aircraft composite structures. A variety 
of joint designs are used to connect composite sections in aircraft, including lap joints to join 
skins and T-shaped joints to join stringers, spars and ribs to skins. The bond that forms the 
joint is usually created using high-strength epoxy adhesive or co-curing of the composite 
sections, and it is usually the ‘weak link’ that governs the failure strength of bonded structures. 
This ‘weak link’ problem with many types of joint panels is related to their low damage 
tolerance due to their susceptibility to rapid delamination cracking between the adherends.  
Long delamination cracks can grow unstably along the weak bond-line which leads to a large 
loss in the strength of composite joints [1,[4][24][45]. 
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Z-pinning is the only through-thickness reinforcement method that can be readily applied to 
bonded joints made of composite prepreg material.  As reported in chapter 2, numerous studies 
report large improvements to the failure strength of bonded lap-, T- and L-shaped joints due to 
z-pinning [7][19][64][94][97][100].  A large increase to the absorbed energy capacity of 
bonded joints due to z-pin reinforcement has also been reported [7][19][64][94][97][100]. The 
improvement to the structural properties is due to the z-pins generating bridging traction loads 
between the joint adherents after the bond-line has fractured. During delamination failure of 
the bond-line the z-pins bridge across the crack and thereby transfer the applied stress between 
the adherents, resulting in higher strength and suppressing brittle, catastrophic failure.  By the 
same mechanism, it is expected that z-pinning will increase the damage tolerance of bonded 
joints containing bond-line cracks, although this has not been proven.   
 
While the capacity of z-pins to increase the mechanical properties of bonded composite 
connections (including lap, T- and L-shaped joints) without damage has been proven 
[7][19][64][94][97][98][100], there is no published work into the improvement to the damage 
tolerant properties of bonded joints by z-pinning. To date, research has centred on the analysis 
and experimental determination of the mechanical properties and strengthening mechanisms of 
z-pinned joints without pre-existing damage [7][19][64][94][97][98][100]. No work has been 
reported on the capacity of z-pins to improve the damage tolerance of bonded joints that 
contain pre-existing defects such as delamination cracks or impact-induced damage. Several 
studies [43][55][56][66] and this PhD research program (chapter 4) have shown that z-pinning 
is an effective method for increasing the impact damage resistance and post-impact 
compression properties of flat composite panels, but similar work on joint panels has not been 
reported.  
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This chapter presents experimental research work performed into the damage tolerance of T-
joints and lap joints reinforced by z-pins. The effect of increasing volume content of z-pins (up 
to 4%) on the structural properties and strengthening mechanisms of T-stiffened carbon/epoxy 
panels without damage was determined under tensile (stiffener pull-off) loading. (This 
particular area of research was jointly undertaken with Tze Min Koh). The effect of z-pinning 
on the structural properties of bonded single lap joints made of carbon/epoxy composite 
material was also experimentally determined. The capacity of z-pins to improve the damage 
tolerant properties of T-joints and lap joints containing pre-existing delamination cracks along 
the bond-line was investigated. Artificial delaminations of different sizes were placed along the 
bonded region to assess their influence on the mechanical properties and failure mode of T-
joints and lap joints with and without z-pin reinforcement. The effect of z-pins on the impact 
damage tolerance of T-joint composite panels was also investigated. The amount of damage 
and the residual properties of unpinned and z-pinned T-joints caused by increasing impact 
energy was studied. The objective of this testing was to determine the impact damage tolerance 
of z-pinned T-stiffened panels used in aircraft structures when impacted by a bird, dropped tool 
or some other impact loading event. The strengthening and toughening mechanisms by which 
the z-pins improve the structural properties and damage tolerance of bonded joints are 
determined.   
   
5.2 JOINT SPECIMENS AND MECHANICAL TESTING 
5.2.1 T-Joint Composite Specimens 
The effect of z-pin reinforcement on the structural properties of composite T-joints was 
determined using the specimen geometry shown in Figure 5.1. The T-joints were fabricated 
using unidirectional T700 carbon/epoxy prepreg tape (Advanced Composites Group, VTM264) 
which was stacked in a [90/0]s ply sequence for both the skin and stiffener. The stiffener and 
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skin were both 2 mm thick, and their bonded region was 100 mm long and 25 mm wide. The 
∆-fillet region at the stiffener base was filled with the unidirectional prepreg tape to avoid the 
formation of a resin-rich zone during curing.  
 
Figure 5.1 :Schematic of T-stiffened panel specimen reinforced with z-pins. The dimensions, boundary 
(clamping) conditions, and load direction are indicated. 
 
Before curing of the T-joint, the entire bond region between the skin and stiffener was 
reinforced in the through-thickness direction with z-pins. The z-pins were pultruded rods of 
T300 carbon/bismaleimide with a diameter of 0.28 mm, and they were the same pins used in 
the research reported in the previous chapters. The T-joints were z-pinned to volume contents 
of 0.5% (low), 2% (intermediate) and 4% (high). In addition, a control T-joint without z-pins 
was produced.  
 
The unpinned and z-pinned T-joints were cured and consolidated in an autoclave at a 
temperature of 120°C and overpressure of 620 kPa for one hour. The skin and stiffener were 
bonded by co-curing inside the autoclave without the use of an epoxy film adhesive to aid 
Applied load 
Clamp 
Stiffener 
Z-Pins 
Skin 
Δ - fillet 
200 mm 
70mm 
Width = 25.5mm (1inch) 
100 mm bond 
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bonding. Five samples of the T-joint without z-pins or reinforced with z-pins at the lowest 
(0.5%), intermediate (2%) and highest (4%) contents were produced for mechanical testing. 
 
T-joint specimens containing a single bond-line crack were also fabricated using the carbon 
fibre-epoxy material (see Figure 5.2). T-joints containing a single bond-line crack were made 
without z-pins or reinforced to the intermediate z-pin content (2%). The crack was created by 
inserting 5 m thick non-stick plastic film along the bond-line between the skin and stiffener 
before curing. The pre-crack was centred below the stiffener and extended for different lengths 
from 5 mm (or 5% of the bonded region) to 100 mm (or the entire bonded region). The T-joints 
containing different lengths of pre-cracks were cured at 120°C and 620 kPa for one hour. At 
least three samples for the unpinned and z-pinned T-joints containing the different crack 
lengths were prepared for mechanical testing. 
 
 
Figure 5.2 : Location of the pre-existing bond-line crack in the T-joint which was between 5% and 100% 
of the bond-line region 
 
The damage resistance and residual properties of the T-stiffened panel following impact 
loading was also determined. Impact tests were performed by dropping a 12 mm diameter 
Applied load 
Pre-existing  
Flaw 
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hemispherical steel tup (1.5 kg) on the skin immediately above the stiffener, as shown 
schematically in Figure 5.3. The impact machine was instrumented with a laser photo/diode 
system to measure the amount of energy absorbed by the T-stiffened panel during the impact 
event. Impact tests were performed over a range of incident energy levels from 1 J (which did 
not cause damage) to 18 J (which caused complete failure). The impact specimens were simply 
supported at the edges (as indicated in Figure 5.3) to allow unrestricted deflection under the 
impact load. Following testing, the specimens were inspected using an ultrasonic C-scan 
system (frequency of 10 MHz) to measure the size of the impact damaged region.  Impact tests 
were performed on T-stiffened panels without z-pins or 2% pin content.  
 
 
Figure 5.3 :Schematic of T-stiffened panel specimen reinforced with z-pins subjected to impact loading. 
The arrow indicates the location of the impact, which was the web region. 
 
The mechanical properties of the T-joint specimens were measured by applying a tension force 
to the stiffener using a 50 kN Instron machine, as indicated in Figure 5.1. The edges of the 
panel skin were clamped to a rigid support plate, and then an axial pull-off load was applied to 
the stiffener end at a constant displacement rate of 1 mm/min until complete failure. At least 
three samples were tested under identical conditions to determine the scatter in the measured 
Skin Z-Pins 
Stiffener 
Support 
clamp 
Impact load 
Δ - fillet 
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property values. It is important to note that all values obtained from the stiffener pull-off test 
are considered ‘apparent’ property values because they are dependent on the specimen 
geometry and the loading test conditions. However, the testing does provide property data 
which can be used to identify trends for the structural and damage tolerant properties of T-
stiffened panels when reinforced with z-pins. 
 
5.2.2 Lap Joint Specimen 
Two types of single lap joint specimens were used to determine the effect of z-pinning on the 
structural properties and damage tolerance. The geometry and dimensions of the two lap joint 
types are shown in Figure 5.4 and 5.5. The first type of lap joint, which was developed and 
tested by Chang et al. [7][101], had a bonded length of 30 mm. This joint was used to measure 
the effect of increasing z-pin content on the structural properties (stiffness, ultimate strength, 
absorbed energy). The second type of joint, with an overlap length of 100 mm, was used to 
assess the damage tolerant properties. A longer overlap length was needed to study a wide 
range of delamination crack lengths on the lap joint properties. 
 
Type I Lap Joints 
The Type I lap joints were made using a five harness satin weave carbon fibre-epoxy prepreg 
(HexPly
®
 914 supplied by Hexcel Composites). The prepreg was laid up with a [0/90]s ply 
pattern with the warp (0
o
) fibres aligned along the joint length.  Before curing, the overlapped 
region to the joint was z-pinned at the low (0.5%), intermediate (2%) and high (4%) volume 
contents. The z-pins were the same as those used to reinforce the bonded region of the T-joint. 
The overlap region to the lap joints was z-pinned whereas the laminate adherent was not 
pinned (as indicated in Figure 5.4). Lap joints without z-pins were manufactured as control 
specimens. The unpinned and z-pinned joints were cured in an autoclave at 115
o
C and 550 kPa 
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for one hour and then at 690 kPa and 180
o
C for another hour.  The adherents to the lap joint 
were bonded in the autoclave by co-curing without the use of adhesive film.     
 
 
Figure 5. 4 : Lap joint specimen (Type I) 
 
 
Type II Lap Joints 
 The damage tolerance of z-pinned single lap joints was determined using the Type II specimen 
(Figure 5.5). The joint was made using unidirectional carbon fibre-epoxy prepreg tape 
(VTM264) which was stacked in a [0/90]s ply pattern. The specimens were reinforced over the 
entire bond region (which was 100 mm long x 25 mm wide) at the intermediate z-pin content 
(2%). In addition, control specimens without z-pin were also produced. Delamination cracks of 
various lengths between 5% (5 mm) and 100% (100 mm) were created in the bonded region of 
the unpinned and z-pinned lap joints using non-stick plastic film. The delamination extended 
from one end of the bonded region, which is the critical load transfer region for lap joints 
loaded under an in-plane shear stress. That is, the shear stress induced by tensile loading is 
highest at the end of the bonded region and this is where the delamination crack was located. 
The unpinned and z-pinned lap joints were cured in an autoclave at 120°C and 620 kPa for one 
hour. 
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Figure 5.5 : Lap joint specimen (Type II) 
 
The strength, elongation limit and absorbed energy capacity of the lap joint specimens were 
determined under axial tensile loading at an extension rate of 1 mm/min using a 50 kN Instron 
loading machine. A monotonically increasing load was applied to the specimen (as indicated in 
Figures 5.4 and 5.5), and this induced a longitudinal shear stress in the bonded region between 
the two adherents. Three samples of each type of pristine (crack-free) and defective unpinned 
and z-pinned joints were tested under the same loading condition.  
 
5.3 RESULTS AND DISCUSSION 
5.3.1  Mechanical Properties and Strengthening Mechanisms of Pristine Z-
Pinned T-Joints 
The typical effect of z-pins on the tension (stiffener pull-off) force-displacement curve for the 
T-joint is shown in Figure 5.6. Curves are shown for the unpinned and 2% z-pinned T-joints 
without pre-existing damage. Curves similar in profile to the z-pinned joint were measured for 
the joints reinforced with 0.5% and 4% pins. It is seen that z-pinning increased both the 
ultimate load and the failure displacement of the T-joint. From the curves the structural 
properties of joint stiffness, failure initiation load, ultimate failure load, elongation to final 
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failure, and absorbed energy capacity were measured. These properties for the unpinned and z-
pinned T-joints are provided in Table 5.1. The table shows there is a large amount of scatter in 
the measured structural property values, and in many cases is 20-30% of the averaged 
measured value. Such larger scatter is common for bonded T-shaped composite joints. For the 
unpinned joints the scatter occurs due to the brittle nature of the delamination fracture process. 
Very small variations between specimens in geometry, bond-line thickness and other 
parameters can result in large variations in the failure loads, failure displacement and absorbed 
energy. These are also contributing factors to the scatter in the properties to the z-pinned joints, 
together with small variations in the bond-line bridging traction loads which promote 
strengthening and energy absorption.  
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Figure 5.6 : Applied load-displacement curves for the defect-free T-joints with and without z-pins. The z-
pinned joint had a pin content of 2% by volume. 
 
Z-pinning does not affect the elastic stiffness of the T-joint, which is defined by the gradient of 
the linear elastic region of the load-displacement curve. Results presented in chapter 3 and 
previous studies show that z-pinning does not significantly alter the elastic modulus of 
carbon/epoxy laminates [43][49][60][73][76][88], and this would explain why the T-joint 
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stiffness was not changed by the pins. The curves in Figure 5.6 show an initial load drop at the 
failure initiation point, and this was caused by crack formation in the ∆-fillet region at the 
stiffener base. The failure initiation load was the same for the unpinned and z-pinned joints. 
This is because z-pins are ineffective at increasing the load required to initiate delamination 
cracks within composite materials, as discussed earlier in this thesis.  
 
Table 5.1:Effect of volume content of z-pins on the structural properties of the T-joint. Values within the 
brackets are the percentage increase in the z-pinned joint properties compared to the unpinned joint. 
 
Z-Pin 
Volume 
Content (%) 
 
Stiffness 
(N/m) 
Failure Initiation 
Load (N) 
 
Ultimate Load 
(N) 
Failure 
Displacement 
(mm) 
Total Absorbed 
Energy 
Capacity (mm) 
0 
494.84 ± 
151.56 
1634.29 ± 285.71 1656 ± 252 8.2 ± 2.4 5.6 ± 1.5 
0.5 
485.26 ± 
37.04 
1270.20 ± 355.74 
2226 ± 204 
(+35%) 
12.7 ± 1.7 (+54%) 
15.1 ± 2.6 
(+169%) 
2 
475.93 ± 
154.28 
1421.80 ± 300.39 
2777 ± 683 
(+68%) 
18.8 ± 4.5 
(+129%) 
32.5 ± 10.1 
(+479%) 
4 
421.43 ± 
57.88 
1190.2 ± 401.09 
2918 ± 579 
(+76%) 
27.1 ± 3.8 
(+230%) 
41.0 ± 9.5 
(+632%) 
 
Figure 5.6 shows that the response of the unpinned and z-pinned T-joints to loading beyond the 
failure initiation point was different. The load-bearing capacity of the unpinned joint dropped 
abruptly at the failure initiation point, and this was due to the rapid growth of delamination 
cracks through the bonded region that caused complete separation of the skin and stiffener. The 
z-pinned T-joints, however, retained their load-bearing capacity beyond the failure initiation 
point and did not catastrophically fracture. The z-pinned T-joints were able to withstand further 
loading until the ultimate load point was reached. Beyond this point the load-bearing capacity 
of the z-pinned joints dropped gradually with increasing displacement, and this is indicative of 
a stable failure process which does not occur with the unpinned T-joint. 
 
The improvement to the ultimate load capacity and absorbed energy capacity of the T-joint due 
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to z-pin reinforcement is plotted in Figure 5.7. The large improvement to these properties with 
increasing z-pin content was due to the pins forming bridging tractions across the delamination 
crack as it propagated along the skin-stiffener bond-line. This toughening process has been 
reported in other studies on the strengthening of T-joints by z-pinning [52][100]. The z-pins 
were able to transfer the pull-off stress applied to the stiffener across the fractured bond-line 
and into the skin, which resulted in increased mechanical performance at displacements 
beyond the failure initiation point. Micromechanical modelling and experimental interlaminar 
fracture toughness testing has shown that the capacity of z-pins to transfer the applied stress 
across the fractured bond-line increases with their volume content [6][31][32][81], and 
consequently the ultimate load and absorbed energy capacity of the T-joints increased with 
their pin content.  
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Figure 5.7 : Effect of volume content of z-pins on the ultimate load and absorbed energy capacity of the 
defect-free T-joint. The percentage increase to the property values due to z-pinning are given 
 
Increasing the volume content of z-pins changed the fracture mode of the T-joint. Figure 5.8 
shows broken T-joint specimens with different amounts of z-pin reinforcement. The T-joints 
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with the lowest (0.5%) and intermediate (2%) z-pin contents failed by delamination cracking 
along the bond-line, which is the same fracture mode as the unpinned joint. In contrast, the T-
joint with the highest z-pin content (4%) did not experience large-scale delamination cracking, 
and instead failure occurred within the laminate adherent.  When failure occurs in the adherent 
laminate rather than the bond-line, then this implies that maximum strengthening of the joint 
has been achieved and any further increase in the z-pin content will not improve the properties 
any further. That maximum improvement to the properties occurred at the relatively modest z-
pin volume content of 4%, which implies that z-pinning is a highly effective method for the 
strengthening of T-joints under tension (stiffener pull-off) loading.    
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
Figure 5.8 : T-joints specimens at final failure: (a) no pins, (b) 0.5% pins, (c) 2% pins and (d) 4% pins. 
The final failure mode in (a)-(c) was bond-line cracking and in (b) was tensile rupture of the stiffener. 
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5.3.2 Damage Tolerant Properties of Z-Pinned Stiffened Panels Containing a 
Single Bond-Line Delamination Crack  
This section presents experimental research into the damage tolerance of z-pinned T-joints that 
contain a single bond-line crack between the skin and stiffener (as illustrated in Figure 5.2). As 
mentioned, this represents the damage that occurs due to inferior manufacturing which results 
in poor adhesion or in-service over-loading of the panel. Figure 5.9 shows the typical effect of 
z-pin reinforcement on the applied force-displacement curve for the T-joint panel when a pre-
existing delamination crack was present. This figure shows the curves for a 20 mm long crack 
in both the unpinned and z-pinned panels, and differences between the two joints were 
determined for the other crack lengths. The load-displacement curves for the z-pinned T-joint 
panel show an initial load drop which is lower than the unpinned panel due to crack initiation 
in the ∆-fillet region.  With increasing displacement the z-pinned panel experienced a series of 
small load drops with increasing displacement up to the ultimate load point. Examination of 
the specimens during testing revealed that each load drop occurred when a transverse row of 
pins at the trailing end of the pin bridging zone failed by pull-out from the adherend. This 
failure of the row of z-pins caused a transient drop in the load-bearing capacity of the T-joint 
panel, but as delamination crack growth continued along the bond-line a new transverse row of 
pins at the crack tip began to generate traction loads which then caused the load to recover. The 
process of pull-out failure of the row of z-pins at the trailing end of the bridging zone followed 
by a new row of bridging pins near the crack tip was responsible for the small load drops 
followed by load recoveries with increasing displacement up to the ultimate load of the T-joint. 
As the load-bearing capacity was greatly improved by z-pinning, this strengthening method is 
effective for increasing the damage tolerance of T-joint panels against bond-line cracks.  
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Figure 5.9 : Applied load-displacement curves for the T-stiffened panels with and without z-pins 
containing a pre-existing 20 mm long delamination crack. The z-pinned panel had a pin content of 2% 
by volume. 
 
The effect of pre-crack length on the ultimate load and absorbed energy capacity of the 
unpinned and z-pinned joints are shown in Figure 5.10. The mechanical properties of the 
unpinned joint decreased with increasing initial crack size when it exceeded about 10% of the 
bonded region. The structural properties of the unpinned joint decreased steadily with 
increasing initial crack size due to the reducing size of the bonded region between the skin and 
stiffener flange. In contrast, the properties of the z-pinned T-joint were much higher than the 
unpinned joint for all crack lengths. Within the bounds of experimental scatter, the ultimate 
load and absorbed energy capacity of the z-pinned T-joint was unaffected by the pre-existing 
crack, regardless of its initial size. The ultimate load and absorbed energy capacity of the z-
pinned joint were much higher than the unpinned joint for all crack lengths, which 
demonstrates the high damage tolerance that can be achieved by z-pinning.  
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Due to the large scatter in the property values for the z-pinned specimens, it is difficult to state 
conclusively that the ultimate load and absorbed energy capacity are independent or decrease 
gradually with increasing initial crack length. Unlike the unpinned joint that shows a 
statistically significant trend of decreasing mechanical properties with increasing initial crack 
length, the same cannot be concluded for the z-pinned panel due to the large amount of 
variability in the measured property values.  The scatter to the ultimate load and, in particular, 
absorbed energy capacity of the T-joint joint was increased greatly by z-pinning. The cause of 
this scatter is attributed to the variability in the inclination angles of the z-pins in the 
skin/stiffener flange connection and the variability in the bond strength between the pins and 
laminate due to interfacial cracking. Koh et al. [98] recently showed that these factors induce a 
large amount of scatter to the traction load and traction energy generated by a single z-pin 
during pull-out from a carbon fibre-epoxy laminate substrate. Indeed, one of the problems with 
z-pin reinforcement is the intrinsically high amount of scatter in material properties due to 
microstructural defects introduced into the laminate during manufacturing [43].  Despite this 
scatter, however, the results clearly show that z-pinning increased greatly the properties for the 
T-joint containing a pre-existing delamination, even for long crack lengths that extend for the 
entire length of the bond region. 
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Figure 5.10 : Effect of initial pre-crack length (expressed as a percentage of the total bonded length 
between the skin and stiffener) on the (a) ultimate load and (b) absorbed energy capacity of the 
unpinned and z-pinned T-stiffened panels. The z-pinned panel had a pin content of 2% by volume. 
 
Both the unpinned and z-pinned T-joints containing the pre-existing crack failed by the 
generation of a bond-line peeling (crack opening) stress. The crack opening displacement 
increased with distance behind the crack tip, as illustrated in Figure 5.11. The stiffness of the 
joint was not affected significantly by the initial crack length, as shown by the curves presented 
in Figure 5.9. Therefore, the bending moments in the adherents that result from the crack 
opening displacement profile along the skin-stiffener bond-line was independent of the pre-
crack length. As a result, the number of z-pins that carried the applied force within the bridging 
traction zone was independent on the initial crack length. As cracking propagated along the 
bond-line, irrespective of the initial crack size, the number of bridging z-pins remained 
approximately constant. Consequently, the ultimate load and absorbed energy capacity of the 
z-pinned T-joint was insensitive to the initial crack length, and therefore the z-pins were 
equally effective at promoting high damage tolerance against both small and large 
delamination cracks. 
(b) 
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Figure 5.11 : Schematic of the crack opening displacement and z-pin bridging traction zone in a T-
stiffened panel containing a pre-existing crack. The length of the bridging traction zone was not 
dependent on the initial pre-crack length. 
 
 
Applied load 
Stiffener 
Skin 
Bridging Zone 
Pin pull-
out 
106 
 
5.3.3 Damage Tolerant Properties of Z-Pinned Stiffened Panels with Impact 
Damage  
 
This section reports on research work performed to experimentally assess the impact damage 
tolerance of the T-joint panel reinforced with z-pins. Joint specimens were impacted on the 
skin immediately above the stiffener at different energy levels, as shown in Figure 5.4. Figure 
5.12 shows the effect of increasing incident impact energy on the percentage of the skin-
stiffener flange bonded region which was delaminated in the unpinned and z-pinned T-joints. 
The amount of delamination damage to the impacted joints was measured using through-
transmission ultrasonics.  Damage in both the unpinned and z-pinned joints initiated in the ∆-
fillet region at a low energy level (~2 J). As mentioned, it is well known that z-pinning does 
not increase the load to initiate delamination cracks in composite materials 
[43][49][60][73][76][88] , which is the reason for the z-pinned and unpinned joints having the 
same impact energy for damage initiation. However, large differences in the amount of impact-
induced delamination damage at the skin-stiffener flange connection were measured between 
the panels at higher impact energy levels. The amount of impact-induced damage to the 
unpinned T-joint increased sharply between 2 and 4 J due to large-scale delamination crack 
growth along the skin-stiffener connection. For example, Figure 5.13 shows the damage 
suffered by unpinned T-joint specimens when impacted at intermediate (8 J) and high (14 J) 
energy levels, and there is extensive cracking between the skin and stiffener flange. The 
amount of delamination damage increased gradually from about 80% of the bonded region at 4 
J to 100% (i.e. complete skin-stiffener flange separation) at 14 J. This behaviour shows the low 
impact damage resistance of the unpinned T-joint panel. In contrast, the amount of damage 
suffered by the z-pinned panel was much less (under ~20% of the bonded region) until the 
impact energy exceeded 14 J when the skin ruptured without complete separation of the 
stiffener flange from the skin, as shown in Figure 5.14. Several studies [39][84][85] have 
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reported reductions in the amount of impact-induced damage to flat laminate panels when 
reinforced with z-pins, and the results presented in Figure 5.12 show that large improvements 
to the impact damage resistance can also be achieved in T-joint panels by z-pinning.  The 
reinforcement of the joint by pinning provided sufficient strengthening and toughening to 
eliminate the problem of complete detachment of the stiffener from the skin at high impact 
loads, which is a problem with the unpinned joint.  
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Figure 5.12 : Effect of incident impact energy on the delamination crack length in the unpinned and z-
pinned T-joints. The delamination length is expressed as a percentage of the total bond length 
(100mm). The z-pinned joint had a pin content of 2% by volume. 
 
 
(a) 
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Figure 5.13 : Unpinned T-joint specimens following impact loading at energy levels of (a) 8 J and (b) 14 
J 
 
 
 
Figure 5.14 : Z-pinned T-joint specimens following impact loading at energy levels of (a) 8 J and (b) 14 
J 
(b) 
(a) 
  
 
(b) 
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The effect of increasing impact energy on the residual pull-off load of the T-joints is shown in 
Figure 5.15.  The post-impact strength of the unpinned joint dropped sharply between the 
impact energies of 2 and 4 J due to the large and abrupt increase in the amount of impact 
damage. The residual load capacity remained at a low value (~15% of the original strength) 
over the impact energy range of 4 – 12 J, above which the skin separated completely from the 
stiffener flange. In contrast, the post-impact strength of the z-pinned joint decreased steadily 
with increasing impact energy up to 14 J, at which point the skin broke. The post-impact load 
capacity of the z-pinned panel was much higher than the unpinned panel. The steady 
(controlled) reduction to the post-impact strength of the z-pinned joint, as opposed to the large 
and sudden loss in strength for the unpinned joint, demonstrates the superior impact damage 
tolerance gained by z-pin reinforcement. Figure 5.15 also shows that the z-pinned joint 
retained some residual strength at impact energy levels above 14 J (when the skin was broken) 
whereas the unpinned panel had no post-impact strength, which further proves the impact 
damage tolerance gained by z-pinning.  
 
It is interesting to note that the ultimate load of the z-pinned T-joint was reduced by high 
energy impact loading (Figure 5.15) whereas the load capacity of the same joint was not 
reduced by bond-line cracking (Figure 5.10). Impact loading of the z-pinned joint caused 
longitudinal splitting along the stiffener laminate as well as delamination cracking between the 
skin and stiffener flange. The amount of damage to the stiffener increased with the impact 
energy level, and this splitting reduced the panel strength, despite the z-pinning resisting 
separation of the skin from the stiffener flange.     
 
110 
 
0 5 10 15 20
0
500
1000
1500
2000
2500
3000
P
o
s
t-
Im
p
a
c
t 
U
lt
im
a
te
 L
o
a
d
 (
N
)
Incident Impact Energy (J)
 unpinned stiffened panel
 z-pinned stiffened panel
 
Figure 5.15 : Effect of incident impact energy on the post-impact ultimate load of the unpinned and z-
pinned T-joints. The z-pinned joint had a pin content of 2% by volume. 
 
5.3.4 Mechanical Properties and Strengthening Mechanisms of Z-Pinned Single 
Lap Joints 
Figure 5.16 shows applied shear stress-displacement curves measured for the unpinned lap 
joint and the lap joint reinforced at the intermediate (2%) z-pin content. The curves were 
determined from tests performed using the Type I design of the lap joint (Figure 5.4). The 
mechanical properties of the lap joint reinforced with different z-pin contents were determined 
from the shear stress-displacement curves, and the results are presented in Table 5.2. The 
elastic stiffness of the lap joints (defined by the linear gradient of the stress-displacement 
curve) was not affected significantly by z-pinning. This result is the same as for the T-joint 
which also did not experience a loss in stiffness due to z-pinning.  
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Table 5.2 :Effect of volume content of z-pins on the structural properties of the single lap-joint. Values 
within the brackets are the percentage increase in the z-pinned joint properties compared to the 
unpinned joint. The failure mode of the joint is given. 
 
Z-Pin 
Volume 
Content (%) 
 
Elastic 
Stiffness 
(kPa/m) 
Ultimate 
Failure Stress 
(MPa) 
 
Extension 
Limit  
(mm) 
Absorbed Energy 
Capacity 
(MPa.m) 
Failure Mode 
0 15.2 13.2 0.87 11.5 Bond-line 
delamination 
0.5 15.5 14.2 (+8%) 0.97 (+11%) 13.8 (+20%) Bond-line 
delamination 
2 15.0 18.7 (+41%) 1.35 (+56%) 25.2 (+119%) Bond-line 
delamination 
4 14.4 16.2 (+23%) 1.15 (+33%) 18.6 (62%) Adherent failure 
 
The unpinned joint experienced an elastic response with increasing stress up to the point of 
final failure. Failure occurred catastrophically due to unstable (fast) delamination crack growth 
from the overlap edge through the entire bonded region, which caused complete separation of 
the two adherents. This type of unstable failure is a problem with conventional bonded lap 
joints used on aircraft.  The z-pinned lap joint experienced a small load drop (labelled ‘failure 
initiation’ in Figure 5.6) close to the failure stress of the unpinned lap joint, although complete 
rupture did not occur. Instead, the z-pinned joint recovered its load-bearing capacity and 
withstood further loading until final failure occurred at a higher ultimate stress than the 
unpinned joint.  
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Figure 5.16 : Shear stress-displacement curves for the control lap joint (without z-pins) and the lap joint 
reinforced with 2% z-pins. 
 
Table 5.2 shows that the ultimate failure stress, maximum elongation, and absorbed energy of 
the lap joint was improved by z-pinning. The properties increased with the volume content of 
z-pins up to 2%. Rugg et al. [29] measured large improvements to the ultimate strength of 
single lap joints when reinforced with titanium z-pins, and the results presented here for lap 
joints containing carbon fibre pins shows similar behaviour. Table 5.2 shows that increasing 
the z-pin content from the intermediate (2%) to highest (4%) level did not cause a further 
improvement in the structural properties of the lap joint, and in fact the properties decreased 
slightly. Therefore, increasing the z-pin content does not result in a continuous improvement to 
the lap joint properties, and there is an optimum volume content of z-pin reinforcement to 
maximise the ultimate strength, extension limit, and absorbed energy capacity. This optimum 
z-pin content corresponded to an abrupt change in the failure mode of the lap joint from bond-
line cracking to rupture of the laminate adherent.  
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Figure 5.17 shows examples of the failed lap joint specimens (and the failure modes are listed 
in Table 5.2). The joints failed by delamination cracking along the bond-line at the lowest 
(0.5%) and intermediate (2%) z-pin contents, which was the same failure mode as the unpinned 
joint. The ultimate strength and absorbed energy capacity of the lap joints reinforced with 0.5% 
or 2% z-pins were increased by the pins restricting unstable crack growth along the bonded 
region by forming shear bridging tractions across the delamination [18][20][29][77]. The 
magnitude of the bridging traction forces under interlaminar shear loading increases with the 
volume content of z-pins [6][77], and as a result the structural properties of the lap joint were 
increased. Failure of both the 0.5% and 2% z-pinned joints involved shear-induced rupture of 
the pins along the bonded region, as shown in Figure 5.18. Increasing the z-pin content to the 
highest level (4%) changed the failure mode to tensile rupture of the adherent, and large-scale 
cracking of the bond-line did not occur. This change in the fracture mode occurred because the 
shear bridging traction forces generated by the z-pins at the highest content (4%) was greater 
than the tensile rupture stress of the laminate adherent.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.17 : Failed lap joint specimens. (a) Bond-line fracture that occurred with joints with no z-pins or 
0.5% or 2% z-pins. (b) Fracture of the laminate adherent occurred with the joint with 4% z-pins. 
 
 
 
(b) 
(a) 
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Figure 5.18 : Scanning electron micrograph showing shear rupture of z-pins along the fractured bond-
line of a lap joint. (a) Top down view of the fracture surface (b) Side view of the fracture surface 
 
A comparison of the structural properties of T-joints (Table 5.1) and lap joints (Table 5.2) 
reveals that z-pinning provides a greater percentage improvement to the ultimate strength and 
absorbed energy capacity of the T-joints. For the same z-pin content, the percentage 
improvement to the properties was up to about 10 times greater for the T-joints. Z-pinning was 
more effective at the strengthening and toughening of T-joints for several reasons, including 
the joint design and the difference in the loading mode. The load applied to the T-joint 
(b) 
(a) 
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generated a predominantly mode I (crack opening) stress along the bonded region whereas the 
lap joint experienced mode II (crack sliding) loading along its bonded region. Modelling and 
experimental work has shown that z-pins generate higher bridging traction forces under mode I 
than mode II interlaminar loading [6][31][77]. Consequently, the mode I interlaminar fracture 
toughness is higher than the mode II toughness for the same volume content of z-pins. This is 
believed to be an important factor for z-pins being more effective at increasing the ultimate 
strength and absorbed energy capacity of the T-joint subjected to a stiffener pull-off load 
compared to the lap joint under bond-line shear loading.  
 
5.3.5 Damage Tolerance of Z-Pinned Lap Joints 
The ability of z-pins to improve the damage tolerance of single lap joints was investigated by 
measuring the ultimate failure load of the Type II specimen containing a pre-existing bond-line 
crack that extended from one end of the overlap region (Figure 5.2(b)). Figure 5.19 compares 
the effect of increasing crack length on the ultimate strength of the unpinned and z-pinned lap 
joints. The crack length is expressed as a percentage of the bonded joint length (which was 100 
mm). The ultimate strength of the unpinned joint were unaffected by the pre-crack length, and 
failure occurred by unstable (fast fracture) delamination growth from the pre-crack tip. The 
failure load of the z-pinned joint was much higher (30-50%) for all crack lengths, and this was 
due to the pins forming bridging tractions across the pre-crack region which transferred the 
applied shear stress between the two adherents. As with the T-joints, the damage tolerance of 
single lap joints against both small and large cracks was improved greatly by z-pin 
reinforcement.  
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Figure 5.19 : Effect of increasing bond-line crack length on the ultimate load of the lap joint without z-
pins or reinforced with 2% pins. 
 
5.4 CONCLUSIONS 
The main findings and conclusions of the research presented in this chapter are as follows: 
 Z-pinning of T-joints and single lap joints is an effective method for increasing the 
damage tolerance against bond-line cracks and impact events.  
 
Z-pinning increased the structural properties of T-joints and lap joints without pre-
existing bond-line damage. These properties were improved by the z-pins generating 
crack bridging traction loads across the fractured bond-line. At the highest z-pin content 
(4%) the delamination toughness of the bond-line was high enough to cause both types 
of joint to fracture within the laminate adherent, which indicates that maximum 
improvement to the strength was achieved.  
 
 Z-pins retained the ultimate strength of T-joint and lap joints containing pre-existing 
bond-line cracks. The retention of ultimate strength was due to the z-pins forming 
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bridging tractions across the crack. The ultimate strength of the joints was not affected 
by the initial pre-existing crack size, and therefore z-pinning proved effective at 
improving the damage tolerance against cracks of any length. 
 
 The impact damage resistance and post-impact strength of the T-joint was improved by 
z-pinning. The amount of impact damage was reduced considerably and, as a result, the 
post-impact load capacity was much higher for joints reinforced with z-pins.   
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Chapter 6: DESIGN DILEMMA OF 
USING Z-PINNED COMPOSITES IN 
AIRCRAFT STRUCTURES  
 
ABSTRACT 
Z-pins are used to reinforce carbon/epoxy composites to increase the delamination toughness, 
impact resistance and damage tolerance properties (as reported in previous chapters). However, 
z-pins can reduce the in-plane mechanical properties due to microstructural defects such as 
crimped fibres and resin-rich regions. As a consequence, the z-pin reinforcement of composite 
aerostructures creates a dilemma for the aircraft designer: balancing the need for high damage 
tolerance against the requirement for high mechanical properties such as stiffness, strength and 
fatigue resistance. This chapter explores this dilemma by comparing the large improvements to 
the delamination toughness and impact resistance against reductions to the in-plane tension, 
compression, bending, interlaminar shear and fatigue properties of carbon/epoxy laminates 
caused by z-pins. Data obtained from this PhD research program combined with data extracted 
from the scientific literature shows that increasing the volume contents of z-pins enhances the 
delamination and impact resistance but at the same time deteriorates the in-plane properties. 
The data reveals that the reduction to the in-plane mechanical properties caused by z-pins is 
usually modest (typically under 5-20%) compared to the very large improvements in 
delamination toughness (up to nearly 6000%) and impact damage resistance (up to about 80%). 
This behaviour must be a key consideration in the design of z-pinned aircraft structures for 
damage tolerance.  
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Part of the work presented in this chapter has been published in: 
A.P. Mouritz, P. Chang and M.D. Isa, ‘Z-pin composites: Aerospace structural design 
considerations’, Journal of Aerospace Engineering, Vol. 24, (2010), pp. 425-432. 
 
6.1 INTRODUCTION 
Z-pinning improves the delamination resistance, low energy impact damage resistance, and 
damage tolerance of carbon-epoxy laminates and joint structures, as shown by research work 
performed as part of this PhD research program and other studies [32]-[33][47][56]. For these 
reasons, there is growing interest in the design and manufacture of damage tolerant aircraft 
structures using z-pin technology. However, several problems and limitations with z-pinning 
must be resolved before it has the potential to become a widely-used process for improving the 
damage tolerance of composite aerostructures. Two major problems are high cost (due to the 
expense of z-pins and cost of their insertion) and the additional process step of z-pinning in the 
manufacture of composites. Another serious problem with the z-pinning of composite materials 
is the reduction to the in-plane mechanical properties, including reduced stiffness, strength and 
fatigue life (as reported in Chapter 2 and shown in Chapter 3). These reductions are caused by 
microstructural damage to the composite by the z-pins. Damage includes fibre waviness, fibre 
crimp, resin-rich regions, and swelling which reduces the average fibre volume content. The 
amount of damage increases with the volume content of the z-pins. Consequently, the in-plane 
properties drop with increasing z-pin content. Therefore, designers considering using z-pinned 
composite materials in aircraft structures face two conflicting outcomes: increasing the z-pin 
content to improve the delamination resistance and damage tolerance is accompanied by a 
reduction to the in-plane mechanical properties.  
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This chapter assesses this dilemma by comparing improvements to the delamination toughness 
properties and impact damage resistance against reductions to the in-plane mechanical 
properties of carbon/epoxy laminates. Using previously published property data together with 
new data obtained in this PhD research program, a comprehensive data set is used to compare 
increases in damage resistance against losses in in-plane properties for carbon/epoxy laminates 
under various loading conditions. Improvements to the modes I and II interlaminar fracture 
toughness and impact damage resistance of carbon/epoxy laminates with increasing z-pin 
content (up to 4% by volume) is determined. Against these improvements, the deterioration to 
the in-plane tension, compression, bending, interlaminar shear and fatigue properties with 
increasing z-pin content is established. The reduction to the in-plane properties is determined 
for carbon/epoxy laminates with different fibre patterns: unidirectional [0], cross-ply [0/90], 
quasi-isotropic [0/±45/90] and bias [±45]. The findings of this study can be used to assess the 
gains achieved in delamination toughness and damage tolerance against losses in in-plane 
mechanical performance of composite structures reinforced with z-pins.  
 
6. 2 RESULTS AND DISCUSSION 
6.2.1 Delamination Toughness and Impact Toughness of Z-pinned Composites 
Delamination toughness is defined in the context of this work as the critical strain energy rate 
for delamination crack growth in unpinned and z-pinned composite materials. Impact 
toughness is defined as the resistance of these materials to delamination cracking caused by 
barely visible impact damage events. Using data from this PhD research program together with 
results from Freitas et al. [40] and Cartié and Partridge [6], Figure 6.1 shows the effect of 
increasing volume content of z-pins on the mode I interlaminar fracture toughness of 
carbon/epoxy laminates. This figure shows the mode I delamination toughness of z-pinned 
laminates (GIz) normalised against the same materials in the unpinned condition (GIo). The 
delamination toughness rises rapidly with the volume fraction of z-pins, although the 
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improvement differs greatly between studies due presumably to the different z-pins and 
laminates used. The results show that the mode I fracture toughness rises by several hundred to 
several thousand percent per 1% increase in z-pin content.  (It is worth noting that the 
maximum mode I delamination toughness achieved by the z-pins (GIc ~ 12000 J/m
2
) is much 
higher than that achieved by other toughening techniques such as toughened resins [Collier 
2007[102], Evans 1986[103]], nano-particle toughen polymers [Goyny 2004[104], Kim 
2008[105]] and thermoplastic interleaving [Sinhgh 2004[105], Kim 2008[106]] .  
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Figure 6.1 : Effect of volume content of z-pins on the normalised mode I interlaminar fracture toughness 
of carbon-epoxy laminates. 
 
Z-pinning is also highly effective at increasing the mode II interlaminar fracture toughness. 
Cartié and Partridge [1999] [6] found that the percentage increase to the mode II toughness is 
typically in the range of 200-400% per 1% increase in z-pin content. This is slightly lower than 
the percentage improvements gained for mode I interlaminar toughness, and this is because z-
pins are more effective at resisting crack opening than crack sliding displacements. 
 
Figure 6.2 shows the impact data presented in chapter 3 replotted as normalised impact damage 
resistance against volume content of z-pins. The impact damage area of the unpinned laminate 
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(Ao) is normalised against the area of the z-pinned material (Ap) when impacted at the same 
energy level. Data is presented for the high impact energy condition (25.5 J). (There is no 
percentage improvement to impact damage resistance for low energy impact events).  The 
impact damage resistance increases rapidly with the z-pin content, and (as mentioned 
previously) this is due to the increase to the modes I and II interlaminar fracture toughness 
caused by z-pins bridging the impact-induced delamination cracks. While the percentage 
increase to the impact damage resistance with z-pin content is not as high as the interlaminar 
fracture toughness properties, it is still significant (~20-35% improvement for every 1% 
increase in z-pin content).  
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Figure 6.2 : Effect of volume content of z-pins on the normalised impact damage resistance of 
carbon/epoxy laminates (25.5 Joule). 
 
 
6.2.2 In-Plane Elastic Properties of Z-Pinned Composites 
Figure 6.3 shows the effect of increasing volume fraction of z-pins on the tensile modulus of 
carbon/epoxy laminates with unidirectional [0], quasi-isotropic [0/±45/90]s or bias [±45]s ply 
patterns. These properties were determined by Chang et al. [73] and Mouritz and Chang [72]. 
The elastic modulus of the three composite materials does not change significantly over the 
range of z-pin contents that were investigated. The average values for the tension modulus 
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drop very slowly with increasing z-pin content, although this reduction is not statistically 
significant due to the scatter. This agrees with finite element analysis by Dickinson [61] which 
predicts the elastic properties of carbon/epoxy composites do not drop by more than 5-10% 
when the volume content of z-pins is under a few percentage.  
 
Figure 6.3 : Effect of z-pin content on the tension modulus of carbon/epoxy laminates. Data for the 
unidirectional and quasi-isotropic laminates from Chang et al. [73] and the bias laminate from Mouritz 
and Chang [72]. 
 
To investigate further the stiffness properties of z-pinned composites, data showing the effect 
of z-pin content on the elastic modulus of carbon-epoxy laminates under tension, compression 
and bending loads is presented in Figure 6.4. In this figure the elastic modulus value of the z-
pinned laminate (Ez-pin) is normalised to the unpinned material (Eo) with the same fibre pattern. 
The modulus values are normalised to allow comparisons between z-pinned materials with 
different fibre patterns tested under different load conditions. The Eo values for the unpinned 
carbon-epoxy materials are given in figure 6.4. Data presented in the figure shows that z-pins 
have no detrimental effect or reduce slightly (under 15%) the tension, compression and 
bending moduli. The data also shows there is no obvious correlation between the change to the 
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elastic modulus for the z-pinned laminates and their fibre pattern. That is, there is no one type 
of fibre pattern that experiences a greater reduction to the stiffness properties than the other 
patterns. Within the bounds of scatter, the changes in elastic modulus for the unidirectional, 
cross-ply, quasi-isotropic and bias composites are the same. Figure 6.4 also shows that the 
change to the elastic modulus is not dependent on the load condition; with the tension, 
compression and bending moduli showing similar trends with increasing z-pin content.  The 
small reductions (under 15%) to the elastic properties is caused by microstructural changes to 
the carbon/epoxy laminates induced by the z-pins, such as fibre waviness and reduced fibre 
content caused by swelling. 
 
Figure 6.4 : Effect of z-pin content on the normalised elastic modulus of carbon-epoxy. Data from 
following sources: tension modulus for unidirectional and quasi-isotropic laminates [Chang et al.] [7], 
tension modulus for bias laminate [Mouritz and Chang] [72], compression modulus [Mouritz] [43] , 
bending modulus [Chang et al.] [60] . Bending modulus for quasi-isotropic laminate is unpublished data. 
 
6.2.3 In-Plane Strength Properties of Z-Pinned Composites 
The effect of z-pin content on the tension strength of unidirectional, quasi-isotropic and bias 
carbon/epoxy laminates is shown in Figure 6.5. This data is also from Chang et al. [73] and 
Mouritz and Chang [72]. The tension strength decreases at a quasi-linear rate with increasing 
volume content of z-pins. However, the rate of strength loss is not the same for the three types 
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of composite material; the average strength decreases at a faster rate for the unidirectional 
laminate (reduction of 270 MPa per 1% increase in z-pin content) compared to the quasi-
isotropic and bias materials, which have the same strength loss rate (reduction rate of 60 MPa 
per 1% z-pins). This reveals that the reduction to the tension strength of z-pinned composites is 
dependent on their fibre pattern.  
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Figure 6.5 : Effect of z-pin content on the tension strength of carbon-epoxy laminates. Data for the 
unidirectional and quasi-isotropic laminates from Chang et al. [73] and the bias laminate from Mouritz 
and Chang [72] . 
 
Figure 6.6 shows the normalised failure strengths for z-pinned laminates under tension, 
compression and bending. The normalised strength is the failure strength of the z-pinned 
laminate (z-pin) divided by the failure stress of the unpinned material (o) with the same fibre 
pattern tested under the same load condition. The strength properties show a general decline 
with increasing volume content of z-pins, although there is significant scatter that increases 
with z-pin content. At the highest z-pin content, the average reduction in strength is 20% with 
the highest strength loss being about 30%. The reduction to the failure strength due to z-
pinning is, on average, more severe than the loss in elastic modulus.  
 
126 
 
The data in Figure 6.6 also shows that the type of load does not significantly influence the 
percentage reduction in strength. Reductions to the tension, compression and bending strengths 
caused by the z-pins are approximately the same. Mouritz et al. and colleagues examined the 
failure mechanisms of the z-pinned and unpinned laminate specimens under tension, 
compression or bending [7][60][72][73][97]. It was found that microstructural damage caused 
by the z-pins is responsible for the strength loss. The loss in tensile strength was attributed to 
fibre waviness, fibre breakage and reduced fibre volume content caused by z-pinning, which 
initiated tensile failure of the load-bearing fibres close to the pins [Chang et al., 2006][7] . The 
reduction in compression strength was due to fibre waviness, which reduced the critical stress 
to initiate fibre kinking, and due to reduced fibre content caused by the z-pins [Mouritz, 
2007][43].   
 
Figure 6.6 : Effect of z-pin content on the normalised failure strength of carbon-epoxy laminates. Data 
from following sources: tension modulus for unidirectional and quasi-isotropic laminates [Chang et al.] 
[73], tension modulus for bias laminate [Mouritz and Chang] [72], compression modulus [Mouritz] [43], 
bending modulus of cross-ply laminate [Chang et al.] [60]. Bending modulus for unidirectional and 
quasi-isotropic laminates is unpublished data. 
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6.2.4 In-Plane Fatigue Properties of Z-Pinned Composites 
 
The effect of increasing z-pin content on the tension fatigue life (S-N) curves of unidirectional 
and quasi-isotropic carbon-epoxy laminates is shown in Figure 6.7. This fatigue data is from 
Chang et al. [73]. Like most carbon-epoxy materials, the unpinned unidirectional and quasi-
isotropic laminates have a shallow S-N curve which is indicative of high fatigue resistance. 
The fatigue life of these composites increases rapidly when the tensile fatigue stress is 
gradually reduced from the static failure stress. Both materials have a high fatigue stress 
endurance limit (determined at one million load cycles), which is defined by the maximum 
cyclic stress the material can withstand without failing and thereby having an infinite fatigue 
life. The fatigue endurance stress limit for the unidirectional and quasi-isotropic laminates was 
about 92% and 87% of the static failure stress, respectively. The introduction of z-pins into the 
laminates causes a reduction in the tension fatigue performance, with the S-N curves 
decreasing with increasing volume content of z-pins. The lowest z-pin content (0.5%) caused a 
small drop in the fatigue life curve for the laminate. At the intermediate (2%) and highest (4%) 
z-pin contents there are much larger reductions to the S-N curves. The fatigue endurance limit 
for the composites also fell with increasing z-pin content.  
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 (b) 
 
Figure 6.7 : Effect of z-pin content on the tension S-N curves of (a) unidirectional and (b) quasi-isotropic 
laminates. The arrows indicate when the specimens did not fail after one million load cycles (i.e. infinite 
fatigue life). Data from Chang et al. [73]. 
 
 
The effect of increasing z-pin content on fatigue life under cyclic compression or bending 
loading was similar to cyclic tension, as shown in Figure 6.8. The compression fatigue curves 
were measured for a unidirectional composite and the bending curves for a cross-ply material. 
Like the tension fatigue behaviour, there is a progressive reduction in the compression and 
bending S-N curves together with a fall in the fatigue endurance limit with increasing volume 
content of z-pins. The mechanisms responsible for the reduction to the failure mechanisms of 
the composites under cyclic tension, compression and bending are reported elsewhere 
[43][60][73][82][88].    
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(a) 
 
 (b) 
 
Figure 6.8 : Effect of z-pin content on the S-N curve of (a) unidirectional laminate under cyclic 
compression from Mouritz [43] and (b) cross-ply laminate under cyclic bending from Chang et al. [60]. 
The arrows indicate when the specimens did not fail after one million load cycles (i.e. infinite fatigue 
life). 
 
 
Fatigue endurance limit is an important design property for aircraft structures. The endurance 
limit combined with appropriate design safety factors is used to determine the maximum 
operational fatigue stress that can be applied to aircraft materials. Figure 6.9 shows the effect 
of increasing volume content of z-pins on the normalised fatigue endurance limit of 
carbon/epoxy laminates with different fibre patterns loaded under cyclic tension, compression 
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or bending. The endurance limit was determined by dividing the endurance stress limit of the 
z-pinned laminate by the endurance limit for the control material without z-pins and having the 
same fibre pattern tested under the same fatigue stress condition. The normalisation of the 
fatigue endurance limit indicates the change in the maximum operational fatigue stress caused 
by z-pins. Figure 6.9 shows significant scatter in the data, although there is a progressive 
reduction in the fatigue endurance limit with increasing z-pin content.  
 
The lowest z-pin content (0.5%) causes a very small reduction in the fatigue endurance limit, 
but reductions are higher and within the range of 15% to 35% at the pin contents of 2% and 
4%, respectively. This reveals that increasing the z-pin content of a carbon/epoxy laminate to 
improve delamination resistance will cause a corresponding deterioration in the maximum 
fatigue stress limit. This reduction occurs regardless of the fibre pattern of the composite or the 
type of fatigue load. 
 
 
 
 
 
 
 
 
Figure 6.9 : Effect of z-pin content on the normalised fatigue endurance limit of carbon-epoxy laminate. 
Data from following sources: tension modulus for unidirectional and quasi-isotropic laminates [Chang et 
al.] [73], tension modulus for bias laminate [Mouritz and Chang] [72], compression modulus [Mouritz] 
[43], bending modulus [Chang et al.] [60]. 
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 6.2.5 Interlaminar Shear Properties of Z-Pinned Composites 
The effect of increasing the volume fraction of z-pins on the apparent interlaminar shear 
strength of a cross-ply carbon-epoxy laminate is shown in Figure 6.10. The interlaminar shear 
strength was determined using the short beam shear test in accordance to ASTM D 5528-94 
specifications. The specimens were 40 mm long, 10 mm wide and about 4 mm thick. The 
specimens were loaded in three-point bending with a support span-to-thickness ratio of 5-to-1, 
which generated an interlaminar shear stress along the mid-plane. Figure 6.10 shows that the 
interlaminar shear failure stress decreases at a quasi-linear rate with increasing z-pin content, 
with an average strength loss of 8.5% per 1% increase in z-pins. The reduction in strength is 
attributed to a change in the failure mode of the composite caused by the z-pins, as shown 
schematically in Figure 6.11. Failure of the unpinned laminate occurred by unstable (fast) 
growth of a single delamination shear crack along the specimen mid-plane. Failure of the z-
pinned laminates was more complex involving small-scale delamination cracking along the 
mid-plane and failure of in-plane fibers. Ultimate failure of the z-pinned composites involved 
bending-induced rupture, with large-scale interlaminar cracking suppressed by the z-pins as 
illustrated in Figure 6.11(b). It is well known that z-pins increase the mode II interlaminar 
toughness by cracking bridging and snubbing effects [6][51][70][107], and this is almost 
certainly responsible for the restricted interlaminar shear cracking in the z-pinned specimens.  
 
With delamination cracking suppressed in these specimens, ultimate failure occurred by 
bending-induced rupture at the z-pins. For this reason, the strength values for the z-pinned 
composites given in Figure 6.10 are not actual interlaminar shear strength values (which 
require the specimen to fail by a single delamination crack along the mid-plane), but a complex 
strength parameter involving a combination of in-plane shear and bending loads. 
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Figure 6.10 : Effect of z-pin content on the apparent interlaminar shear strength of cross-ply carbon-
epoxy. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.11 : Schematic diagrams showing failure of the (a) unpinned and (b) z-pinned laminates under 
short-beam interlaminar shear loading. 
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 6.3  CONCLUSIONS 
The main findings and conclusions of this chapter can be summarised as follows: 
 Analysis of experimental data shows that the modes I and II interlaminar fracture 
toughness of z-pinned laminates increase rapidly with the volume fraction of z-pins; with 
the mode I delamination resistance being several hundred to several thousand percent 
higher than unpinned materials. Data reveals that the z-pin reinforcement induces large 
improvements to delamination-controlled properties (including impact damage resistance) 
and consequently the damage tolerance is increased greatly. 
 
 Increasing the volume fraction of z-pins reduces the in-plane stiffness and strength 
properties.  The loss in stiffness is attributed to microstructural damage caused by the z-
pins; in particular in-plane fibre waviness and out-of-plane fibre crimp. The strength 
properties also decrease with increasing z-pin content, with the percentage loss in strength 
being greater than for stiffness. Strength loss is caused by microstructural damage to the 
composite (e.g. waviness, crimp, breakage of fibres) from the z-pins. The fatigue life (S-N 
curve) and fatigue endurance limit also drop with increasing z-pin content. The reduction 
to the stiffness, strength and fatigue properties caused by z-pins occurs regardless of the 
load condition (i.e. tension, compression, bending).  
 
 Z-pin reinforcement of carbon/epoxy laminates to improve the delamination resistance and 
impact damage tolerance also degrades the in-plane mechanical properties. However, the 
percentage improvement to the interlaminar fracture toughness and impact damage 
tolerance is much greater than the percentage deterioration to the in-plane properties. This 
behaviour becomes more extreme with increasing z-pin content, and must be considered in 
the design of z-pinned composite aerostructures.        
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 The findings are valid for the joint specimen designs used, and different improvements due 
to z-pinning may occur to other joint designs or specimen geometries. 
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Chapter 7: CONCLUSIONS 
 
 
7.1  DAMAGE TOLERANCE OF Z-PINNED COMPOSITES UNDER 
COMPRESSION LOADING 
The experimental research presented in this chapter has shown that z-pins are only effective at 
improving the barely visible impact damage tolerance of carbon-epoxy composites when the 
impact energy exceeds a critical value. Below this value, in the low-energy impact regime, the 
amount of energy absorbed by the composite is insufficient to cause large-scale delamination 
cracking (above 10-20 mm) and thereby induce high interlaminar toughening by forming a 
large-scale pin bridging traction zone. Above the critical value, in the high-energy impact 
regime, z-pins are effective at resisting damage growth by forming bridging traction loads 
along the delamination cracks. The impact damage resistance increases with the amount of z-
pins to a limiting volume content (which in this study was 2%). Increasing the z-pin content 
further did not promote additional resistance against BVID because maximum delamination 
toughening by crack bridging was attained. It was also found that the capacity of the composite 
material to absorb impact damage in the high-energy regime was increased by z-pinning. The 
impact energy absorption is increased by the high amount of energy needed to form the 
bridging traction zone by elastic deformation, debonding and frictional sliding during partial 
pull-out of the z-pins.   
  
Z-pinning is detrimental to the compression properties of carbon-epoxy composite without 
impact damage. The compression modulus, strength and fatigue life decrease with increasing 
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volume content of z-pins due mainly to waviness and crimping of the load-bearing fibres, and 
this is in agreement with previously published work by Chang et al. [7][73] for tension and 
bending loading and by Mouritz [88] for open-hole compression loading. Z-pinning does not 
improve the compression properties, including the fatigue performance, when the composite 
contains low-energy BVID. The inability of z-pins to form a large-scale bridging traction zone 
due to the small size of the BVID means there is no improvement to the post-impact properties. 
Following high-energy impact loading, however, the compression strength and fatigue 
properties are improved by z-pinning. The post-impact strength and fatigue life increase with 
the z-pin content due mainly to the lower amount of BVID. Z-pins do not improve the fatigue 
life by resisting delamination crack growth from the impact damage region under cyclic 
compression loading, but instead simply retain a higher static strength that results in longer 
fatigue life.  
 
Changing the ply lay-up configuration does not affect significantly the impact damage 
tolerance of carbon-epoxy laminates. The research reveals two distinct regimes where z-pins 
have provided no improvement to the damage resistance in the low energy regime and large 
improvements in the high energy regime. This behaviour is governed by the length of the crack 
bridging zone formed by the impact event: small-scale bridging zones (typically under 10-20 
mm) are ineffective at promoting high interlaminar fracture toughness and thereby provide no 
improvement to the resistance against BVID whereas large-scale bridging zones generate high 
delaminate toughness which in turn provides high resistance against large-scale delamination 
cracks caused by impact loading.  
 
The experimental study has also proven that z-pinning is an effective toughening method for 
increasing the damage tolerance against single or multiple delamination cracks, which is a 
form of damage in aircraft composite panels. Through-thickness reinforcement of the 
137 
 
delaminated region with z-pins increased the compressive failure stress of laminates containing 
pre-existing bond-line cracks, again by forming bridging tractions across the delamination 
which resisted sub-laminate buckling.  
 
In summary, this study has shown that while z-pinning is an effective method for improving 
the compression properties of carbon-epoxy with high-energy BVID and long delamination 
cracks, the z-pins reduce the mechanical performance when the composite has no impact 
damage, low-energy BVID or short cracks. These effects must be considered when assessing z-
pinning as a method for improving the damage tolerance of composite aircraft structures 
subjected to compression loads. 
 
7.2  IMPACT DAMAGE TOLERANCE OF Z-PINNED COMPOSITES 
UNDER LOAD 
The experimental results extend previous studies on the damage tolerance of z-pinned carbon-
epoxy composites towards practical operational situations when some level of pre-strain is 
inevitable. The absorbed energy and damage size were found to vary with respect to the state 
and magnitude of pre-stress. Z-pins only become effective at reducing the amount of impact-
induced damage for high energy events, where their ability to resist damage growth increase 
with the pre-loading strain. However the improvement is non-existence when the z-pinned 
composites were impacted at low energy level (~8.5 Joule) with or without increasing the pre- 
strain load. The relationship between absorbed energy and pre-strain has no significant 
difference when the z-pinned composites were impacted at low energy level (~8.5 Joule), 
however when they were impacted at high energy level (25.5 Joule), the absorbed energy has 
increased with increased pre-strain tensile level.  
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7.3  DAMAGE TOLERANCE OF Z-PINNED COMPOSITE JOINTS 
Z-pinning increased the structural properties of co-cured T-joints and single lap joints without 
pre-existing bond-line damage. The ultimate load and absorbed energy capacity of the joints 
increased with the volume content of z-pins. These properties were improved by the z-pins 
forming bridging tractions across the fractured bond-line which resisted unstable crack growth. 
The suppression of unstable (rapid) delamination cracking is a desired damage tolerant 
property for aircraft joint panels. At the highest z-pin content (4%) the delamination toughness 
of the bond-line was high enough to cause both the T-joint and lap joint to fracture within the 
laminate adherent, which indicated that maximum improvement to the strength was achieved. 
The ultimate load and absorbed energy capacity of the lap joint increased with z-pin content to 
2% by volume, but at the highest pin content the properties were reduced slightly because 
failure occurred in the laminate adherent. The bridging traction forces generated by the z-pins 
is higher when delamination cracks are loaded in mode I (through-thickness tension) than 
mode II (in-plane shear), and consequently the percentage increase to the ultimate strength of 
the T-joint (which was loaded in mode I) was higher than the lap joint (loaded in mode II) 
when reinforced with z-pins. 
 
This experimental study has proven that z-pin reinforcement of T-joints and single lap joints is 
an effective method for increasing the damage tolerance against bond-line cracks, which is a 
common form of damage in bonded aircraft composite joints. Through-thickness reinforcement 
of the bonded region with z-pins retained the ultimate strength of T-joint and lap joints 
containing pre-existing bond-line cracks, and did not cause the strength to drop. The retention 
of ultimate strength was due to the z-pins forming bridging tractions across the crack, and 
thereby the applied stress was transferred between the adherents. The ultimate strength of the 
z-pinned T-joints and lap joints was not affected greatly by the initial pre-existing crack size, 
and therefore z-pinning proved effective at improving the damage tolerance against both small 
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and long bond-line cracks. 
 
The impact damage resistance and residual pull-off strength of the T-joint was improved by z-
pinning due to crack bridging traction loads generated by the pins which resisted delamination 
crack growth caused by the impact event. The amount of impact damage was reduced 
considerably and, as a result, the post-impact load capacity was much higher for joints 
reinforced with z-pins.  Furthermore, the growth of impact-induced damage and the reduction 
in the residual strength with increasing impact energy occurred gradually and in a more stable 
manner in the z-pinned joints. These experimental findings clearly demonstrate the large 
improvements to the damage tolerant properties of T-stiffened composite panels used in 
aircraft (and other structural applications) that can be achieved with z-pin reinforcement.   
 
7.4  DESIGN DILEMMA OF USING Z-PINNED COMPOSITES IN 
AIRCRAFT STRUCTURES 
Analysis of experimental data obtained from published research studies and this PhD research 
program shows that the mode I interlaminar fracture toughness of z-pinned carbon/epoxy 
laminates increases rapidly with the volume fraction of z-pins, with the delamination resistance 
being several hundred to several thousand percent higher than unpinned materials. The mode II 
interlaminar fracture toughness and impact damage resistance are also increased greatly by z-
pinning, although the percent improvements are not as high as for mode I delamination 
resistance. The assessment of the data reveals that the z-pin reinforcement of carbon/epoxy 
laminates induces extremely large improvements to delamination-controlled properties and 
consequently the damage tolerance is increased greatly, even when the z-pin content is 
relatively low (under a few percent). 
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Increasing the volume fraction of z-pins to raise the delamination toughness reduces the in-
plane stiffness, strength and fatigue properties, based on an assessment of published data. The 
in-plane elastic modulus under tension, compression or bending loads decrease gradually with 
increasing z-pin content, and stiffness reductions up to 15% occur at the highest pin content of 
4%. The loss in stiffness is attributed to microstructural damage caused by the z-pins; in 
particular in-plane fibre waviness and out-of-plane fibre crimp.  
 
The tension, compression, bending and interlaminar shear strengths also fall with increasing z-
pin content, with the percentage loss in strength being greater than for stiffness. The strengths 
fall anywhere between 10% and 35% at the highest z-pin content, and the strength loss is 
caused by microstructural damage to the composite (e.g. waviness, crimp, breakage of fibres) 
from the pins. The fatigue life (S-N curve) and fatigue endurance limit also drop with 
increasing z-pin content. The reduction to the in-plane static and fatigue properties caused by 
z-pins occurs regardless of the load condition (i.e. tension, compression, bending), and there is 
no significant difference in the percentage reduction to the properties for the different load 
states.  
 
The study presented in this chapter reveals that through-thickness reinforcement of 
carbon/epoxy composite materials with z-pins to improve the delamination resistance and 
impact damage tolerance also degrades the in-plane mechanical properties. However, the 
percentage improvement to the interlaminar fracture toughness and impact damage tolerance is 
much greater than the percentage deterioration to the in-plane properties. This behaviour 
becomes more extreme with increasing z-pin content, and must be considered in the design of 
z-pinned composite aerostructures in that the need for improved damage tolerance must be 
balanced against the need for high in-plane properties. A challenge for the aerospace industry 
is achieving an optimum balance these two important requirements. 
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7.5  FURTHER RESEARCH INTO Z-PINNED COMPOSITE 
This thesis has studied the effect of z-pinning on the damage tolerance properties of 
carbon/epoxy laminates. However, the damage tolerance of z-pinned laminates with various 
lay-up configurations (i.e. cross-ply, unidirectional) has not been completely studied. Based on 
project findings, different lay-up configurations (between quasi-isotropic and cross ply) 
showed that the former lay-up configuration has better damage tolerant behaviour. It is 
proposed that the damage tolerant study is extended to cover unidirectional lay-up.  Numerical 
(finite element) analysis to provide a prediction capability and insight understanding to the 
experimental results of the damage tolerance of all carbon/epoxy lay-up patterns is an 
important topic for future research.  
 
Improvements to the damage tolerance of carbon/epoxy composites due to z-pinning was well 
proven in this PhD research program. However, the effect of z-pinned laminates and joints under 
aerospace environmental conditions such as thermal cycling, aviation fluids and paint strippers has 
not been evaluated. The mode I delamination toughness induced by pinning is weakened by 
moisture absorption [108][110]. However the mode I interlaminar fracture toughness and low-
energy impact damage resistance of z-pinned composites is not degraded significantly by exposure 
to hot–wet environment, and this is because absorbed water does not affect the pull-out traction 
properties of z-pins [109]. It is interesting to know the effect of moisture absorption on high-energy 
impact damage resistance of z-pinned composites. Other stated environmental conditions must also 
be considered for the certification of z-pinned composites for aircraft structures, and is a topic 
worthy of investigation.   
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A preliminary study into the effect of compressive and tensile pre-stress loading on the 
response of z-pinned carbon fibre-epoxy laminates subjected to barely visible impact damage 
(BVID) was covered in the PhD research program. It is proposed that computational and 
further experimental research is required to more fully assess the damage tolerant properties of 
pre-stressed z-pinned composites. 
 
This project also conducted a study on the damage tolerance of T-stiffened and single-lap 
joints. This study showed that z-pin reinforcement is highly effective at limiting damage 
growth and retaining the structural properties of damaged joints. However, the damage 
tolerance of other joint designs used in aircraft requires investigation, including C-, L-, top-hat 
and omega shaped stiffeners that are z-pinned to composite panels. 
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